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Abstract
This thesis investigates whether it can be shown experimentally if different types of liquids
obey isochronal superposition. This investigation holds importance because a new theory,
the isomorph theory, predicts that van der Waal liquids obey isochronal superposition.
A definition of isochronal superposition, as well as those of Time-Pressure-Superposition
and Time-Temperature-Pressure-Superposition, is established.
Isochronal superposition is investigated for the dielectric relaxation spectrum. Dielectric
measurements are made on four different liquids on a high pressure setup in relation to
this project. Furthermore, data on two other liquids are included in this investigation. Two
liquids studied are hydrogen bonded liquids, while four of them are van der Waal liquids.
The high pressure measurement equipment used is relatively new and it is therefore first
scrutinised before use in this thesis.
Different measures, with the purpose of deciding to which degree a liquid obeys re-
spectively isochronal superposition and Time-Temperature-Pressure-Superposition, are
developed. These measures are based on the half width at half depth and the area
deviation between the dielectric relaxation spectra.
From these measures, it is concluded that the investigated van der Waal liquids obey
isochronal superposition better than the investigated hydrogen bonded liquids. It is
furthermore estimated that the investigated van der Waal liquids obey isochronal su-
perposition and that some also obey Time-Temperature-Pressure-Superposition. It is
concluded, that the studied hydrogen bonded liquids obey neither Time-Temperature-
Pressure-Superposition nor isochronal superposition.
The results follow the prediction of the isomorph theory and raises the question whether
more liquids obey isochronal superposition. Further investigation could conclude whether
van der Waal liquids in general obey isochronal superposition.
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Danish Abstract
Dette speciale undersøger, om det eksperimentelt kan vises, hvorvidt forskellige typer
væsker opfylder isochronal superposition. Denne undersøgelse er blandt andet interessant,
fordi en ny teori, isomorf teorien, forudsiger, at væsker med van der Waalske bindinger
opfylder isochronal superposition.
I specialet opstilles en definition af isochronal superposition, ligesom der også opstilles
definitioner af tid-tryk-superposition og tid-temperatur-tryk-superposition.
Til undersøgelsen af isochronal superposition anvendes det dielektriske relaksation spek-
trum. Der er lavet dielektriske målinger på fire forskellige væsker i forbindelse med
dette speciale. Herudover inkluderes data på to andre væsker i undersøgelsen. To af
de undersøgte væsker har hydrogen bindinger, mens de sidste fire har van der Waalske
bindinger. Det anvendte måleudstyr, som kan måle ved høje tryk, er forholdsvis nyt, og
er derfor undersøgt i specialet.
Der opstilles forskellige mål, som har til formål at bestemme, til hvilken grad væskerne
opfylder isochronal superposition og tid-temperatur-tryk-superposition. Disse mål er
baseret på halvvidden ved halv dybde og arealafvigelsen mellem de dielektriske relax-
ationsspektre.
Ud fra disse mål konkluderes det, at de undersøgte van der Waal væsker opfylder
isochronal superposition bedre end de undersøgte hydrogen bundne væsker. Det vurderes
tilmed, at disse van der Waal væsker opfylder isochronal superposition, og at nogle af
dem også opfylder tid-temperatur-tryk-superposition. Det konkluderes, at de undersøgte
hydrogen bundne væsker hverken opfylder isochronal superposition eller tid-temperatur-
tryk-superposition.
Resultaterne følger forudsigelsen fra isomorf teorien. Dette giver anledning til at undersøge,
hvorvidt flere væsker opfylder isochronal superposition for i givet fald at kunne konkludere,
hvorvidt van der Waal væsker generelt opfylder isochronal superposition.
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1 Introduction
This project is concerned with glasses and supercooled liquids, and is inspired of a fairly
new theory, the isomorph theory, developed in the Glass & Time group at Roskilde
University.
This introduction starts by given a short introduction to glasses and supercooled liquids.
There is furthermore an introduction to the concept isochronal superposition, before the
problem formulation is stated in section 1.2. The problem formulation and the method to
answering it are clarified in chapter 6.
1.1 Supercooled Liquids and Glasses
A liquid can be supercooled if it is cooled with a cooling rate large enough to avoid
crystallization at the melting point [Cotterill 1985]. All liquids can be formed into
supercooled liquids, although some liquids require fast cooling to avoid crystallization
[Tammann 1925]. The supercooled liquid is in a metastable equilibrium [Kauzmann 1948].
It is however said to be in equilibrium.
When a liquid is being supercooled the viscosity increases dramatically [Dyre 2006].
The supercooled liquid is thus a viscous liquid. When a viscous liquid is exposed to a
perturbation, for example a temperature change or a mechanical perturbation, the liquid
goes towards equilibrium; it relaxes. The time for the liquid to reach equilibrium after a
perturbation is called the relaxation time (τ). This relaxation is called the α-relaxation,
and τ is the α-relaxation time. The relaxation time also increases dramatically, when the
liquid is being supercooled [Debenedetti 1996]. In some liquids there are also minor
motions in the liquid, which are called β-processes, which result in β-relaxations1. These
β-relaxations are faster than the α-relaxation.
By further cooling on the supercooled liquid, this freezes into a disordered, non-crystalline
solid, called a glass [Cotterill 1985]. A glass is thus a solid material, like a crystal, but the
molecules are out of order like in a liquid [Johari 1974]. The point where the supercooled
liquid becomes a glass is called the glass transition. At the glass transition, the relaxation
time is so long, so that the system can not equilibrate within a given time (typically the
observation time), and it falls out of equilibrium [Brawer 1985]. A glass is therefore not in
equilibrium. The glass transition is often characterized as the place where the relaxation
time is 100 s [Debenedetti 1996].
1 There are different types of β-relaxation and it is a topic, which is still discussed in the glass science. This is
not a main focus in this project, and will not be discussed further.
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Figure 1.1 The specific volume decreases, when a liquid is cooled (provided that the liquid has a
positive thermal expansion coefficient, which is seen as the slope of the curve). When reaching the
melting temperature (Tm) the volume may decrease discontinuously, and the liquid then turns into
a crystal, which is seen as the dashed curve. If the cooling rate is fast enough, crystallization can be
avoided, and the liquid will then become a supercooled liquid. The volume will then continue
decreasing with the same thermal expansion coefficient as the liquid. By further cooling, a point
is reached, where the slope, and thereby thermal expansion coefficient, changes abruptly. This is
called the glass transition (Tg), and the liquid is now turned into a glass. The thermal expansion
coefficient of the glass is comparable to the one for the crystal. The glass transition temperature
depends on the cooling rate. A slower cooling rate gives a lower glass transition temperature.
In the figure, the glass transition temperature Tga is reached with a slower cooling rate than Tgb
[Debenedetti 1996, page 242].
The glass transition is seen in figure 1.1, where it is shown how the volume changes
as a function of temperature. The glass transition is dependent on the cooling rate and
therefore it does not take place at a specific temperature. If the cooling rate is increased,
the glass transition takes place at a higher temperature [Brawer 1985]. This is also seen in
figure 1.1.
The glass transition may also be reached by increasing the pressure [Johari 1974]. Because
both decreasing temperature and increasing pressure can lead to a supercooled liquid and
thereby a glass, there will be different state points i.e. points with one temperature and
one pressure, which have the same relaxation time. State points with the same relaxation
time is said to be on the same isochrone, which is a curve in the temperature-pressure
diagram, where all points have the same relaxation time [Niss 2007]. Figure 1.2 provides
an illustration of isochrones in the temperature-pressure diagram.
In the glass science, two of the main issues are to understand the relaxation and to under-
stand how the relaxation time depends on temperature and pressure. The investigation in
this project relates to the first of these issues.
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Figure 1.2 An illustration of three different isochrones, which are curves in the phase diagram,
where all points have the same relaxation time. Thus, there is an isochrone for each different
relaxation time.
1.2 Introduction to the Problem Formulation
The purpose of this project is to analyse whether different types of supercooled liquids
obey isochronal superposition. A liquid obeys isochronal superposition if the shape of
the relaxation spectra, at state points on the same isochrone, is the same.
On top of being interesting for the glass science in general, this investigation is interesting
because a fairly new theory, the isomorph theory, developed at Roskilde University, predicts
that liquids with van der Waals bonds obey isochronal superposition. It is therefore
interesting to investigate whether this can be seen experimentally. It is also interesting
to investigate whether liquids with hydrogen bonds obey isochronal superposition, even
though the theory does not predict whether they do that or not. This results in the
following problem formulation:
Can it be shown experimentally whether different types of liquids obey isochronal
superposition? Are the results in accordance with a prediction, which say that
van der Waal liquids obey isochronal superposition?
The next chapters describe the theory and the concepts to support the problem formulation,
including a more precise definition of isochronal superposition.
Chapter 6 provides a more detailed description of the problem formulation along with
the method used to answer this.
1.3 The Structure of the Thesis
The chapters 2 - 5 describe the theory and the concepts to support the problem formulation.
Chapter 2 describes the theory behind linear response theory, because the measuring
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method in this project is a linear response experiment. Furthermore, time-autocorrelation
functions and their relation to linear response are described. Chapter 3 provides a de-
scription of the measuring method; dielectric spectroscopy. In this chapter, a model for
a liquid, the Debye model, is also presented. Chapter 4 presents the concept isochronal
superposition, where a definition is established. Other investigations of isochronal super-
position and their results are also mentioned here. The chapter also gives a presentation of
other superpositions. Chapter 5 provides an introduction to the isomorph theory. It will,
among other things, be described how the isomorph theory predicts that van der Waal
liquids obey isochronal superposition. After these introductory chapters, the problem
formulation is clarified and the method used to answer it is described in chapter 6.
Chapter 7 describes the liquids used in the project, where it is stated, which liquids that
are van der Waal liquids and which liquids that have hydrogen bonds.
Chapter 8 provides a description of the measuring equipment. Because the measuring
equipment is fairly new, a number of investigations are made to investigate and improve
the measuring equipment. Chapter 9 presents these investigations and discusses the
measuring equipment.
Chapter 10 clarifies the practical measuring method and selection of data. The measure-
ments are presented in chapter 11, and the used raw data is seen in chapter 12. Chapter 13
provides the data treatment, where a measure for isochronal superposition is developed
and discussed.
The discussion (chapter 14) follows up on the measuring equipment and the developed
measure. Furthermore, the results are discussed, and the isomorph theory is discussed in
relation to these.
There are three appendices. Appendix A gives an introduction to calculation in electrical
circuits with complex numbers which is used in the project. Appendix B shows the data
selection. Appendix C deduces different facts in relation to the Debye model.
2 Linear Response Theory
The measuring method in this project is a linear response experiment, and this chapter
therefore describes the theory behind linear response including the relation between linear
response functions and fluctuations. This chapter is based on Christensen (2012a) and
Niss et al. (2012).
As described in section 1.1, a supercooled liquid in equilibrium will, when it is exposed
to a perturbation, equilibrate toward a new equilibrium; it responds to the perturbation.
The experimental measuring methods used in relation to supercooled liquids are response
experiments; a perturbation is applied, and it is studied how the system responds to this
perturbation. For example a change in temperature (a perturbation) will result in a change
of volume (a response).
In general if a system is exposed to an input I, it will result in an output O. In response
theory the relation between the input and the output is investigated. If the input is
sufficiently small, the output will depend linearly on the input, and it is then called linear
response.
A change in input dI(t′) at time t′ gives a contribution to the change in output dO(t) at
time t, which is the following:
dO(t) = R(t− t′)dI(t′) (2.1)
When there is no change in input, there will be no change in output, which means that
R = 0 if t < t′. This means by causality that R(t) = 0 for t < 0.
Integrating on both sides from t′ = −∞ to t′ = t gives:
O(t) =
∫ t
−∞
R(t− t′)dI(t′) (2.2)
It is now used that I˙(t) = dI(t)dt , where I˙(t) is the time-derivative of I(t):
O(t) =
∫ t
−∞
R(t− t′) I˙(t′)dt′ (2.3)
t− t′ is now substituted with t′′:
O(t) =
∫ ∞
0
R(t′′) I˙(t− t′′)dt′′ (2.4)
Changing t′′ to t′:
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O(t) =
∫ ∞
0
R(t′) I˙(t− t′)dt′ (2.5)
The input may be a sudden change from 0 to I0 at time t = 0. This is expressed by using
a Heaviside function:
H(t) =
{
0 for t ≤ 0
1 for t > 0
(2.6)
The input is thus expressed as:
I(t) = I0H(t) = I0 ·
{
0 for t ≤ 0
1 for t > 0
(2.7)
Differentiation of the Heaviside function gives a delta function, which is a function that is
zero everywhere except at t = 0, where it is infinity. The integral of the delta function is
1. Furthermore, the integral of the delta function times a function is:∫ ∞
−∞
f (t)δ(t)dt = f (0) (2.8)
The integral of the delta function δ(t− T) times a function is:∫ ∞
−∞
f (t)δ(t− T)dt = f (T) (2.9)
Thus the output, when the input is a Heaviside function, is the following output:
O(t) =
∫ ∞
0
R(t′)I0δ(t− t′)dt′ = I0R(t) (2.10)
where R(t) is the response function.
The above linear response is considered in the time domain. But if the input is a harmonic
oscillating function (I(t) = I0ei(ωt+ϕI)), then the linear response may be considered in the
frequency domain. By inserting in equation 2.5:
O(t) =
∫ ∞
0
R(t′)(iω)I0e−iωt
′
eiωteiϕIdt′ ⇔ (2.11)
O(t) = I0eiωteiϕI (iω)
∫ ∞
0
R(t′)e−iωt
′
dt′ ⇔ (2.12)
O(t) = I(t)(iω)
∫ ∞
0
R(t′)e−iωt
′
dt′ ⇔ (2.13)
O(t) = I(t)R(ω) (2.14)
where R(ω) is the frequency dependent response function, which is given by the Laplace
transformation of R(T) times iω:
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R(ω) = iω
∫ ∞
0
R(t′)e−iωt
′
dt′ (2.15)
The output (O(t)) will, when the input is a harmonic oscillating function, be a harmonic
oscillating function oscillating with the same frequency as the input, but there may be a
phase shift relative to the input. The output is written as O(t) = O0ei(ωt+ϕO).
To further study the relation between the response function in the time domain and the
response function in the frequency domain, another way to express the linear response is
considered:
O(t) =
∫ t
−∞
µ(t− t′)I(t′)dt′ (2.16)
where O is the output, I is the input, and µ is called the memory function. Now the
relation between the memory function and the response function is found. By substituting
t′′ = t− t′ and changing t′′ to t′:
O(t) =
∫ ∞
0
µ(t′)I(t− t′)dt′ (2.17)
Now the Heaviside input (I0H(t)) is applied:
O(t) =
∫ ∞
0
µ(t′)I0H(t− t′)dt′ = I0
∫ ∞
0
µ(t′)dt′ (2.18)
The above equation and equation 2.10 implies:
R(t) =
∫ t
0
µ(t′)dt′ (2.19)
and thus
dR(t)
dt
= µ(t) (2.20)
By inserting a harmonic oscillating input, the response function in the frequency domain
in the memory function formalism is found:
O(t) =
∫ ∞
0
µ(t′)I(t− t′)dt′ ⇔ (2.21)
O(t) =
∫ ∞
0
µ(t′)I0ei(ωt−t
′+ϕI)dt′ ⇔ (2.22)
O(t) = I0eiωteiϕI
∫ ∞
0
µ(t′)e−iωt
′
dt′ ⇔ (2.23)
O(t) = I(t)
∫ ∞
0
µ(t′)e−iωt
′
dt′ (2.24)
This gives:
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R(ω) =
∫ ∞
0
µ(t′)e−iωt
′
dt′ (2.25)
By using the relation between the memory function and the response function in the time
domain (equation 2.19), the following relationship between the response function in the
time domain and the response function in the frequency domain is established:
R(ω) =
∫ ∞
0
dR(t)
dt
e−iωt
′
dt′ (2.26)
2.1 Fluctuations and Time-Autocorrelation Functions
Linear response is directly related to the equilibrium thermal fluctuations in the system.
This section describes this relation, because this is important in the isomorph theory’s
prediction of isochronal superposition.
The thermal fluctuations of a system are described by the time-autocorrelation function
CAA(t). In this case, a physical quantity A is measured. A(t) is the measured values of
A to time t. The time-autocorrelation function is defined as the ensemble average of the
product A(t)A(0) over many measurements [Doi & Edwards 1986]:
CAA(t) = 〈A(t)A(0)〉 (2.27)
The fluctuation dissipation theorem gives the relation between the response function and
the time-autocorrelation function in the following way [Doi & Edwards 1986]:
dR(t)
dt
= − 1
kBT
d
dt
CAA(t) (2.28)
To see how the fluctuation dissipation theorem looks in the frequency domain, equation
2.28 is integrated on both sides:∫ t
0
dR(t′)
dt′ dt
′ = − 1
kBT
∫ t
0
d
dt′
〈
A(t′)A(0)
〉
dt′ ⇔ (2.29)
R(t) =
1
kBT
(〈A(0)A(0)〉 − 〈A(t)A(0)〉) (2.30)
To obtain the fluctuation dissipation theorem in the frequency domain, equation 2.15 is
used:
R(ω) = iω
∫ ∞
0
1
kBT
(〈A(0)A(0)〉 − 〈A(t)A(0)〉)e−iωtdt⇔ (2.31)
R(ω) =
iω
kBT
∫ ∞
0
(〈A(0)A(0)〉 e−iωt − 〈A(t)A(0)〉 e−iωt)dt⇔ (2.32)
R(ω) =
iω
kBT
〈A(0)A(0)〉
∫ ∞
0
e−iωtdt− iω
kBT
∫ ∞
0
〈A(t)A(0)〉 e−iωtdt⇔ (2.33)
R(ω) =
1
kBT
〈A(0)A(0)〉 − iω
kBT
∫ ∞
0
〈A(t)A(0)〉 e−iωtdt (2.34)
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Linear response functions in both the time and the frequency domain are thus directly
related to the thermal fluctuations in the system.
The next chapter describes the measuring method used in this project, which is dielectric
spectroscopy. Dielectric spectroscopy is a linear response experiment, and the thermal equi-
librium fluctuations related to this type of response function are polarization fluctuations
[Schönhals & Kremer 2003a].
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3 Dielectric Spectroscopy
This chapter describes the measuring method used for the investigations in this project. It
furthermore describes what to expect from the measurements, and thus how to understand
the measurements. Chapter 8 describes the used measuring equipment.
The measuring method used in the investigations in this project is dielectric spectroscopy.
The reason for this is mainly that the dielectric measurements can be made at high
pressure, which is necessary when measurements must be performed at different state
points on the isochrones. In dielectric spectroscopy, the liquid is placed in a capacitor,
which is applied with an external electrical field.
For an empty parallel-plate capacitor, there is the following relationship between the
capacitance (C), the vacuum permittivity (ε0), the area of the plates (A), and the distance
between the plates (d) [Griffiths 2008]:
C =
ε0A
d
(3.1)
The liquids used in this project are dielectrics and it will now be described how dielectrics
act with an applied field.
3.1 Dielectrics
Most substances are either conductors or dielectrics (also known as insulators). While
conductors are substances in which electrons are free to move around in the material,
dielectrics are substances, where the electrons are attached to specific atoms or molecules
[Griffiths 2008]. The liquids used in this project are dielectrics, because the electrons are
attached to each individual molecule in the liquids.
An electrical field applied on dielectrics may affect the charge distribution of a molecule
or atom by two mechanisms: stretching and rotating. The rotating mechanism is only
present, if the dielectric is polar [Griffiths 2008]. These two mechanisms are described
below.
Stretching:
When a neutral atom is placed in an E-field, the nucleus will move in the direction of
the field, while the electron cloud will move in the other direction (provided that the
E-field is not to strong - in that case the atom can be pulled apart). When the field is
applied and an equilibrium is reached, the atom will be polarized and will now have a
small polarization p in the same direction as E. The polarization depends on the atomic
polarizability of the atom (α) in the following way [Griffiths 2008]:
p = αE (3.2)
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For molecules the situation is a bit different, because they sometimes polarize easier in
some directions than in others. For an asymmetric molecule the polarization will depend
on a polarizability tensor.
The liquids used in this project are however considered to be isotropic liquids i.e. liquids
whose properties are the same in all directions. For an isotropic liquid, which has an
uniform distribution of angular directions, the average polarization from stretching will
be parallel to the field in the following way [Schönhals & Kremer 2003a; Niss & Jakobsen
2003]:
〈pi〉 = 〈αi〉E (3.3)
where 〈pi〉 is the average polarization per molecule from stretching, 〈αi〉 is the average
polarization coefficient, and E is the electric field.
Rotation:
As already mentioned the rotation mechanism is only present when dealing with polar
dielectrics. That is if the molecules, without an applied field, have a dipole moment
[Griffiths 2008]. The liquids used in this project are polar liquids.
If the applied field is uniform, a torque is formed, and the molecules will rotate to align
the dipole moment in the direction of the field [Griffiths 2008]. The rotational polarization
depends on how easy the molecules can rotate.
The rotational polarization is often modelled on the basis of molecular orientation [Schön-
hals & Kremer 2003a; Niss & Jakobsen 2003]:
〈µ〉 = 〈αr〉E (3.4)
where µ is the molecules permanent dipole moment, 〈αr〉 is the average rotational polar-
ization coefficient, and E is the electric field.
A more detailed description and a discussion of these mechanisms are for example
provided in Schönhals & Kremer (2003a).
Polarization:
There are thus two mechanisms which may affect the molecules, when a field is applied.
These mechanisms result in the fact that the dielectrics become polarized, because a lot
of small dipoles are pointing in the direction of the field. The amount of this is often
measured in polarization (P), which is defined as [Griffiths 2008]:
P = dipole moment per unit volume (3.5)
The polarization may be written as a function of the contributions from the two mechanisms,
stretching and rotating, where N is the number of dipoles per volume:
P = N(〈pi〉+ 〈µ〉)⇔ (3.6)
P = N(〈αi〉E+ 〈αr〉E)⇔ (3.7)
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P = N(〈αi〉+ 〈αr〉)E (3.8)
Provided that the applied field E is not to strong, for most substances, the polarization P
is proportional to E. Substances which satisfy this are called linear dielectrics. For these
substances the polarization may be written as [Griffiths 2008]:
P = ε0χeE (3.9)
where χe is the electric susceptibility of the dielectric.
This relates to the two mechanisms as follows:
ε0χe = N(〈αi〉+ 〈αr〉) (3.10)
χe relates to the dielectric constant of the dielectric (ε) in the following way [Griffiths
2008]:
ε = 1 + χe (3.11)
The electric field applied in the experiments in this project is small, and the liquids are
therefore considered to be linear dielectrics.
The electrical displacement field D, which is the field caused by the applied field and the
polarization, is defined as follows [Griffiths 2008]:
D = ε0E+ P (3.12)
For linear dielectrics, this can be reduced to:
D = ε0E+ P = ε0E+ ε0χeE = ε0(1 + χe)E = ε0εE (3.13)
3.2 Capacitance
The relation between the capacitance of an empty parallel-plate capacitor (Cempty), and
the capacitance of a parallel-plate capacitor filled with a dielectric (C) with the dielectric
constant ε is [Griffiths 2008]:
C = ε · Cempty (3.14)
For a parallel-plate capacitor with dielectrics with dielectric constant ε the capacitance is
therefore:
C =
ε0εA
d
(3.15)
In the experiments in this project, it is ε which is investigated. From the measurements, it
is however the capacitance which is obtained. ε is easily obtained by:
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Figure 3.1 An illustration of the typical real part of the dielectric relaxation spectrum.
ε =
C
Cempty
(3.16)
Although ε is called the dielectric constant, it is not really a constant, because it is
dependent on frequency ( f ) as well as temperature and pressure. The capacitance for a
capacitor with a dielectric is thus also dependent on frequency, temperature, and pressure.
The stretching happens almost instantaneous, and the frequency dependence is thus
caused by the rotational mechanism. The dielectric constant is complex, and it is therefore
written as ε˜( f ) = ε′( f ) + iε′′( f ), where ε′( f ) is the real part of the dielectric constant, and
ε′′( f ) is the imaginary part of the dielectric constant [Schönhals & Kremer 2003a]. The
dielectric constant as a function of frequency (ε˜( f )) is called the relaxation spectrum.
3.3 The Frequency Dependent Dielectric Constant
In the experiments in this project, it is the complex frequency dependent dielectric
constant (ε˜( f )) at different temperatures and pressures, which is investigated. It is
therefore described, what the typical frequency dependence of ε˜( f ) is. This also gives an
idea of what to expect of the measurements and how to understand these.
At low frequencies the real part of the dielectric constant will approach the equilibrium
value (ε l) immediately, because the molecules have enough time to adjust to the field,
and thereby rotate themselves to align with the field. At higher frequencies however
the molecules do not have enough time to align themselves with the field, and the real
part of the dielectric constant will in this case approach a new, lower value (εh). At
all frequencies, including the high frequencies, there is always a contribution from the
stretching mechanism, which happens instantaneously. Figure 3.1 provides an illustration
of the real part of the dielectric relaxation spectrum. The difference between ε l and εh is
called the dielectric strength (∆ε).
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Figure 3.2 An illustration of the typical negative imaginary part of the dielectric relaxation
spectrum.
The frequency range, where the real part of the dielectric constant changes from ε l to εh,
is dependent on pressure and temperature. The dielectric strength is also dependent on
temperature and pressure and thus also the values of εh and ε l .
Between the values ε l and εh the motion of the polar molecules are out of phase with the
applied field. The dielectric constant therefore shows a so-called loss peak. Figure 3.2
provides an illustration of the typical frequency dependence of the negative imaginary
dielectric constant (−ε′′). If the liquid has β-relaxation, this is seen on the right side of
the peak, which is illustrated in figure 3.3. It should however be pointed out, that there
are different types of β-relaxations, which results in different types of relaxation spectra.
This will not be discussed further in this project.
It is the logarithm of the negative imaginary part of the relaxation spectrum, which
is used in the data treatment. In this project, it is always the logarithm with base 10,
which is used. Figure 3.4 provides an illustration of this relaxation spectrum. If the
liquid has β-relaxation, it will result in some kind of bump on the right side of the peak.
Conductivity may also affect the spectra. This is seen on the left side of the peak as a
straight line. Figure 3.5 provides an illustration of conductivity in the negative imaginary
relaxation spectrum. This conductivity is caused by translational diffusion of mobile ions,
which are possibly impurities in the liquids [Schönhals & Kremer 2003b; Nielsen 2009].
The dielectric strength affects the height of the loss peak. The height of the peak is
therefore dependent on temperature and pressure. The frequency where the maximum of
the peak is located, is also dependent on temperature and pressure, but this frequency is
the same for state points on the same isochrone.
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Figure 3.3 An illustration of the negative imaginary part of the dielectric relaxation spectrum for a
liquid with β-relaxation.
Figure 3.4 An illustration of the logarithm to the negative imaginary part of the dielectric relaxation
spectrum.
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Figure 3.5 An illustration of conductivity in the negative imaginary relaxation spectrum.
The reason for using the logarithm of the negative imaginary part of the relaxation spectra
in the data treatment, is that the spectra must be normalized due to differences in the
dielectric strength, before comparing the shape of the relaxation spectra. For the negative
imaginary relaxation spectra this is done by normalizing with the value of log(−ε′′) at
the maximum of the loss peak (log(−ε′′max)), such that the relaxation spectra have the
same maximum. If instead the real part of the relaxation spectra is used, both the low
frequency plateau and the high frequency plateau should be normalized, which require
more than one normalization constant.
The focus in this project is therefore on the negative imaginary part of the dielectric
spectra. Therefore, it will only be these spectra, which are used and shown in the project.
The relaxation time (τ) is found by the frequency of the maximum of the peak of the
negative imaginary dielectric relaxation spectrum ( fmax). The relationship between τ and
fmax is:
τ =
1
ωmax
⇔ (3.17)
τ =
1
2pi fmax
(3.18)
So when the relaxation time for two state points are the same, so are fmax from the
relaxation spectra obtained at these state points.
The relaxation spectra obtained by the measurements in this project consists of discrete
points, rather than a continuous curve. To find fmax and thereby τ a second degree
polynomium is used. Seven to nine points around the peak are used and a second degree
polynomium is fitted to these to find the maximum.
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Figure 3.6 The Debye model as an electrical circuit.
3.4 The Debye Model
The Debye model is a model of a liquid. This section describes the model, because it is
used and mentioned in the project.
The Debye model is based on the assumption, that the molecules are noninteracting
average dipoles. The model illustrates a liquid as an electrical circuit. The circuit consists
of a capacitor (C2) in parallel with a capacitor (C3) in series with a resistor (R). Figure 3.6
illustrates this. The total capacitance of the system (C˜debye) is therefore1:
C˜debye = C2 +
1
1
C3
+ iωR
⇔ (3.19)
C˜debye = C2 +
C3
1 + iωRC3
(3.20)
Separating real and imaginary part:
C˜debye = C2 +
C3 · (1− iωRC3)
(1 + iωRC3) · (1− iωRC3) ⇔ (3.21)
C˜debye = C2 +
−iωRC23 + C3
(ωRC3)2 + 1
⇔ (3.22)
C˜debye = C2 +
C3
(ωRC3)2 + 1
− iωRC
2
3
(ωRC3)2 + 1
(3.23)
The real part is thus:
C˜debye,real = C2 +
C3
(ωRC3)2 + 1
(3.24)
and the imaginary part is:
C˜debye,imag = −
ωRC23
(ωRC3)2 + 1
(3.25)
1 The method for calculation in electrical circuits is described in Appendix A.
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Figure 3.7 The real part of the capacitance of the Debye model plotted against log( f ).
From the real part, it is seen that at high frequencies C˜debye,real ≈ C2 and at low frequencies
C˜debye,real ≈ C2 + C3. Figure 3.7 shows an example of the real part of the capacitance for
the Debye model. It is seen, that the value of the capacitance is at one plateau at low
frequencies and at a lower plateau at high frequencies. As described in section 3.3, this
spectrum is what is expected for a liquid.
Figure 3.8 provides an example of the negative imaginary part of the capacitance of the
Debye model. In the figure, a loss peak is seen, which is also expected for the capacitance
of the liquids. It is almost always the case, that the shape of the loss peak for measured
liquids is more asymmetric than this Debye shape [Schönhals & Kremer 2003a]. From
the imaginary part it is seen, by differentiating, that at the maximum of the peak the
frequency is ωmax = 1RC3 (this is shown in Appendix C).
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Figure 3.8 The negative imaginary part of the capacitance of the Debye model plotted against
log( f ).
4 Isochronal Superposition
This chapter describes and defines isochronal superposition. Others have investigated
whether liquids obey isochronal superposition, but the concept isochronal superposi-
tion has not been defined clearly before. This chapter hence provides a definition of
isochronal superposition, which is inspired by the definition of another superposition,
Time-Temperature-Superposition (TTS). This chapter also describes other superpositions,
including TTS, which relates to isochronal superposition. It provides definitions of Time-
Pressure-Superposition (TPS) and Time-Temperature-Pressure-Superposition (TTPS), which
are (to the best of my knowledge) not defined clearly elsewhere.
The relaxation time (τ) is pressure and temperature dependent, and as described in section
1.1 for some combinations of these the relaxation time is the same. In that case, these
state points are said to be on the same isochrone. In this project, it is investigated whether
the nature of the relaxation process is independent of the state points, when the state
points are on the same isochrone.
If the nature of the relaxation process is independent of these state points, the liquid is
said to obey isochronal superposition. Isochronal superposition holds, when the shape of
the relaxation spectra, at state points on the same isochrone, coalesce when the relaxation
is normalized by the strength. If isochronal superposition holds, the response function
(R˜τ(ω, T)) for constant τ, can be written as (inspired by the definition of TTS, which is
shown in section 4.1). Here T is used as the varying parameter. p could as well has been
used but only one parameter is necessary, when the state points are on an isochrone.
R˜τ(ω, T) = R0,τ(T)R˜n,τ(ω) + Kτ(T) (4.1)
where R˜n,τ(ω) is a temperature independent function, which describes the shape of
the relaxation, R0,τ(T) is a temperature dependent relaxation strength, and Kτ(T) is a
temperature dependent real contribution to the response function.
In this project, it is the imaginary part of the relaxation spectra, which is used. In that
case, equation 4.1 reduces to:
R′′τ (ω, T) = R0,τ(T)R′′n,τ(ω) (4.2)
where R′′τ (ω, T) is the imaginary part of the response function for constant τ, R′′n,τ(ω) is
the imaginary part of a temperature independent function, which describes the shape of
the relaxation, and R0,τ(T) is a temperature dependent relaxation strength.
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Isochronal superposition1 has been experimentally investigated before in for example
Roland et al. (2003) and Ngai et al. (2005). What is common for these investigations, and
for the investigation in the project, is that it is dielectric spectroscopy, which is used to
obtain the measurements. It is likewise the logarithm of the negative imaginary part of
the relaxation spectra, which is used in the data treatment. The investigations in Roland et
al. (2003) and Ngai et al. (2005) were made before the isomorph theory predicted that van
der Waal liquids obey isochronal superposition. Below it is described, what the purpose
of their investigations was. It is furthermore described, what is different in relation to the
investigation in this project.
Roland et al. (2003)’s measurements are made with liquids, which have a type of β-
relaxation called an excess wing. Roland et al. (2003)’s goal with their investigations is to
compare the effect of pressure on the α-peak and on the excess wing. They found that
three of the seven liquids in the investigation have α-relaxation and excess wing that do
not follow each other on the isochrones. The relaxation spectra obtained at different state
points at the same isochrone are thus not the same for these liquids. These three liquids
have hydrogen bonds. The last four liquids are van der Waal liquids. For these liquids
the excess wing and the α-relaxation follow each other at the different state points on the
isochrones.
Ngai et al. (2005)’s focus is on the α-peak, and they conclude that virtually all liquids
obey isochronal superposition at the α-peak. They do however point out that this is not
always the case for frequencies much higher than the frequency at the α-peak. This is due
to β-relaxations, which may not have the same temperature and pressure dependence as
the α-peak. Ngai et al. (2005) notes that some hydrogen bonded network liquids do not
obey isochronal superposition, because the physical structure is modified by increasing
pressure.
The investigation in this project will mainly focus on the α-peak in the relaxation spectra
like the investigations in Ngai et al. (2005). In relation to the isomorph theory, the analysis
of the results from the investigations in this project will among other things focus on
the differences, if there are any, between hydrogen bonded liquids and van der Waal
liquids. From the investigations in Roland et al. (2003) and Ngai et al. (2005), it is clear
that there probably are some differences. A thing which will be different from Roland et
al. (2003) and Ngai et al. (2005) is the data treatment. Where the conclusions in Roland et
al. (2003) and Ngai et al. (2005) are mainly based on visually looking at the relaxation
spectra and seeing whether they look the same, the data treatment in this project will
focus on developing a measure to describe, to which degree the liquids obey isochronal
superposition.
1 The name isochronal superposition is fairly new. Others have investigated whether liquids obey isochronal
superposition before, but using other names.
4.1 Isochronal Superposition, Time-Temperature-Superposition, Time-Pressure-Superposition,
and Time-Temperature-Pressure-Superposition 35
4.1 Isochronal Superposition, Time-Temperature-Superposition,
Time-Pressure-Superposition, and
Time-Temperature-Pressure-Superposition
Even though this project mainly is concerned with isochronal superposition, other types
of superposition are described here, because they relate to isochronal superposition. These
are Time-Temperature-Superposition (TTS), Time-Pressure-Superposition (TPS), and Time-
Temperature-Pressure-Superposition (TTPS). All of these superpositions are known in
the glass science, but only TTS has been defined clearly (Olsen et al. 2001), and only a
measure of the degree of TTS has been developed (Nielsen 2009) (at least to the best of
my knowledge).
If a liquid obeys TTS, the nature of the relaxation is independent of the temperature for
constant pressure, when normalized due to the relaxation time and the strength. If a
liquid obey TTS the following holds for constant pressure (an extension of equation 4.4):
R˜p(ω, T) = R0,p(T)R˜n,p(ωτ(T)) + Kp(T) (4.3)
where R˜p(ω, T) is the response function, R˜n,p(ωτ(T)) is a temperature independent
function which describes the shape of the relaxation, τ(T) is a temperature dependent
relaxation time, R0,p(T) is a temperature dependent relaxation strength, and Kp(T) is a
temperature dependent real contribution to the response function.
When looking at the imaginary part of the relaxation spectra, equation 4.3 reduces to
[Olsen et al. 2001; Niss & Jakobsen 2003]:
R′′p(ω, T) = R0,p(T)R′′n,p(ωτ(T)) (4.4)
where R′′p(ω, T) is the imaginary part of the response function for constant p, R′′n,p(ωτ(T))
is the imaginary part of a temperature independent function which describes the shape
of the relaxation, τ(T) is a temperature dependent relaxation time, and R0,p(T) is a
temperature dependent relaxation strength.
If a liquid obeys TPS, the nature of the relaxation is independent fn the pressure for
constant temperature, when normalized due to the relaxation time and the strength. The
following holds when a liquid obeys TPS, where the temperature is constant (inspired by
TTS):
R˜T(ω, p) = R0,T(p)R˜n,T(ωτ(p)) + KT(p) (4.5)
where R˜T(ω, p) is the response function, R˜n,T(ωτ(p)) is a pressure independent function
which describes the shape of the relaxation, τ(p) is a pressure dependent relaxation time,
R0,T(p) is a pressure dependent relaxation strength, and KT(p) is a pressure dependent
real contribution to the response function.
When looking at the imaginary part of the relaxation spectra, equation 4.5 reduces to:
R′′T(ω, p) = R0,T(p)R′′n,T(ωτ(p)) (4.6)
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where R′′T(ω, p) is the imaginary part of the response function for constant T, R′′n,T(ωτ(p))
is the imaginary part of a pressure independent function which describes the shape of
the relaxation, τ(p) is a pressure dependent relaxation time, and R0,T(p) is a pressure
dependent relaxation strength.
If a liquid obeys TTPS, the nature of the relaxation is independent of the temperature and
pressure, when normalized due to the relaxation time and the strength. The following
holds if the liquid obeys TTPS (inspired by TTS):
R˜(ω, T, p) = R0(T, p)R˜n(ωτ(T, p)) + K(T, p) (4.7)
where R˜(ω, T, p) is the response function, R˜n(ωτ(T, p)) is a pressure and temperature
independent function which describes the shape of the relaxation, τ(T, p) is a pressure and
temperature dependent relaxation time, R0(T, p) is a pressure and temperature dependent
relaxation strength, and K(T, p) is a pressure and temperature dependent real contribution
to the response function.
When looking at the imaginary part of the relaxation spectra, equation 4.7 reduces to:
R′′(ω, T, p) = R0(T, p)R′′n(ωτ(T, p)) (4.8)
where R′′(ω, T, p) is the imaginary part of the response function, R′′n(ωτ(T, p)) is the
imaginary part of a pressure and temperature independent function which describes the
shape of the relaxation, τ(T, p) is a pressure and temperature dependent relaxation time,
and R0(T, p) is a pressure and temperature dependent relaxation strength.
The reason for mentioning these other kinds of superposition is, that they relate to
isochronal superposition.
TTPS is different than the other superpositions, because if a liquid obeys TTPS, all the
relaxation spectra have the same shape. Thus, if a liquid obeys TTPS, it also obeys
isochronal superposition, TPS, and TTS. This also means, that if a liquid does not obey
either isochronal superposition, TTS, or TPS, the liquid does not obey TTPS.
If the liquid obeys two of the following superpositions; isochronal superposition, TTS,
and TPS, it must also obey the third superposition and TTPS. If a liquid obeys one of
the following superpositions; isochronal superposition, TTS, and TPS, but does not obey
either isochronal superposition, TTS, TPS, or TTPS, the liquid does not obey any other
superpositions.
5 The Isomorph Theory
This chapter describes the basic points of the isomorph theory, and describes how this
theory predicts that van der Waal liquids obey isochronal superposition.
The isomorph theory is developed by the Glass & Time group from Roskilde University.
The theory is described in details in the series of papers: Pressure-energy correlations in
liquids (Bailey et al. (2008a), Bailey et al. (2008b), Schrøder et al. (2009a), Gnan et al. (2009)
& Schrøder et al. (2011)). The theory is fairly new and is not widely accepted. This theory
provides a reason for investigating isochronal superposition, but the investigation in this
project is of interest to the glass science regardless whether one accepts the theory or not.
The following sections describe the basic parts of the theory. The theory predicts that
some liquids, called strongly correlating liquids, obey isochronal superposition.
5.1 Strongly Correlating Liquids
The energy (E) in a liquid is known to have the two following contributions, which
respectively depend on the particles momenta (pi) and positions (ri) [Allen & Tildesley
1987]:
E = K(p1, ...,pn) +U(r1, ..., rn) (5.1)
where K is the kinetic energy, and U is the potential energy.
The pressure (p) in a liquid is also known to have the two following contributions, which
also depend respectively on the particles momenta (pi) and positions (ri) [Hansen &
McDonald 1986; Allen & Tildesley 1987]:
p = NkBT(p1, ...,pn)/V +W(r1, ..., rn)/V (5.2)
where N is the number of particles, kb is the Boltzmann constant, T is the temperature, V
is the volume, and W is the virial.
The virial is defined in the following way [Allen & Tildesley 1987]:
W = −1
3∑ ri · ∇riU (5.3)
W and U fluctuate in time at a given state point, and should therefore be written as W(t)
and U(t). In the following, they are written as W and U, where it is implied, that these
are dependent on time.
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Figure 5.1 An example of the fluctuations of W and U in time for a simulated liquid, which is
strongly correlating. The figure is a plot of the fluctuations in time of the normalized W and U at
one state point. One way to see that there is a strong correlation between W and U is, that they
follow each other, i.e. when W is high so is U and so on [Bailey et al. 2008a].
A liquid is defined to be strongly correlating, if there is a strong correlation between the
virial (W) and the potential energy (U) [Schrøder et al. 2009b].
The degree of the WU-correlations is determined by a standard correlation coefficient (R)
defined in the following way [Bailey et al. 2008a; Samuels & Witmer 2003]:
R =
〈∆W∆U〉√〈(∆W)2〉√〈(∆U)2〉 (5.4)
where R ≤ 1 and ∆W(t) = W(t)− 〈W〉. 〈〉 denotes the thermal ensemble averages [Bailey
et al. 2008a].
A liquid is defined to be strongly correlating if R > 0.9 [Bailey et al. 2008a; Ingebrigtsen et
al. 2012].
Figure 5.1 provides an example of how W and U fluctuate in time at a given state point
for a simulated liquid. In figure 5.2, the values of W and U at different times are plotted
against each other. It is seen, that there is a correlation between W and U, because these
points form an elongated ellipse, which has a slope. There is approximately the following
relation between W and U, when the liquid is strongly correlating [Pedersen et al. 2011]:
∆W ∼= γ∆U (5.5)
where γ is the slope of the ellipse.
The slope (γ) is calculated in the following way [Pedersen et al. 2011; Samuels & Witmer
2003]:
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Figure 5.2 The values of the normalized W and the normalized U at different times, but at the
same state point, plotted against each other. This liquid is strongly correlating and the points
therefore form an elongated ellipse, which approximately has a slope (γ), which is 6.3 for this liquid
[Bailey et al. 2008a].
γ =
〈∆W∆U〉
〈(∆U)2〉 (5.6)
For inverse power law liquids (v(r) ∝ r−n) the correlation is 100%, which means that
R = 1. In this case ∆W = γ∆U and γ = n3 [Bailey et al. 2008a].
Computer simulations show that liquids with simple Lennard-Jones interactions are
strongly correlating. Simulations with Lennard-Jones interactions are used to simulate
van der Waal liquids. Computer simulations of liquids that simulate hydrogen bonded
liquids, show that these are not strongly correlating [Pedersen et al. 2008].
Thus, liquids with van der Waals interactions, are expected to be strongly correlating,
while liquids with hydrogen bonds, are not expected to be strongly correlating [Gnan et
al. 2009; Pedersen et al. 2011]. Section 5.1.1 describes hydrogen bonds and van der Waal
bonds.
It is expected, that in general, strongly correlating liquids have simpler physics than other
liquids [Gnan et al. 2009].
5.1.1 Hydrogen Bonds and Van der Waal Bonds
This section describes what is meant by liquids with hydrogen bonds and liquids with
Van der Waal bonds, because these liquids are respectively expected to be not strongly
correlating and strongly correlating.
Hydrogen bonds and van der Waal bonds are intermolecular bonds, i.e. bonds between
the molecules. Van der Waal bonds are weaker than hydrogen bonds, but both of these
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intermolecular bonds are weaker than intramolecular bonds (i.e. bonds which hold one
molecule together) [Karlsen 2009].
The van der Waal bonding comes from the fact, that the molecules have fluctuations in
their charge distributions, which results in the molecules getting a small dipole moment
(also if the molecule itself is not polar). When a molecule has a dipole moment, it may
induce a dipole moment in a molecule next to it, and thereby they can attract each other.
The molecule with the induced dipole moment can now induce a new dipole moment in
a molecule close to it and so on. Because the molecules all have dipole moments, they
will attract each other and thereby stay together. This type of bonding is called van der
Waal bonding [Karlsen 2009].
In the hydrogen bonding, it is hydrogen, which is responsible for the molecules staying
together. The hydrogen bonding occurs if a hydrogen atom in the molecule is bound
to another atom with large electronegativity, for example oxygen. This causes a charge
displacement, which gives the hydrogen atom a positive charge. The hydrogen atom will
then be attracted to another atom with a large electronegativity, and the molecules will
then attract each other and thereby stay together [Karlsen 2009; Barrett 2001].
5.2 Isomorphs
All strongly correlating liquids have isomorphs. Isomorphs are curves in the phase
diagram, where a number of properties are invariant [Gnan et al. 2009]. Isomorphic curves
in the phase diagram are defined as curves, on which any two state points are isomorphic.
To define what it means that two state points are isomorphic, it is necessary to introduce
reduced coordinates. For any microscopic configuration (r1, ..., rN) of a thermodynamic
state point with density ρ, the reduced coordinates are defined by:
r˜i = ρ1/3ri (5.7)
Two state points (T1, ρ1) and (T2, ρ2) are said to be isomorphic, if whenever two of
their physically relevant microscopic configurations, (r(1)1 , ..., r
(1)
N ) and (r
(2)
1 , ..., r
(2)
N ), have
identical reduced coordinates (i.e. r˜(1)i = r˜
(2)
i ), they have proportional configurational NVT
Boltzmann factors [Gnan et al. 2009]:
e−U(r
(1)
1 ,...,r
(1)
N )/kBT1 = C12e−U(r
(2)
1 ,...,r
(2)
N )/kBT2 (5.8)
where the constant C12 only depends on the state points.
Only inverse power law liquids have C12 = 1. Inverse power law liquids are the only liquids
having exact isomorphs, where in general strongly correlating liquids have isomorphs to
a good approximation [Gnan et al. 2009]. However, strongly correlating liquids are said to
have isomorphs, even though it is only to a good approximation.
A number of properties are invariant along an isomorph. One property which is invariant
along an isomorph is the average relaxation time quoted in reduced units. This means
that the average relaxation time in reduced units is the same along an isomorph. Also the
5.3 Density Scaling 41
normalized time-autocorrelation function is invariant along an isomorph, when quoted in
reduced units [Gnan et al. 2009]. Other isomorph invariants are seen in Gnan et al. (2009).
5.3 Density Scaling
One of the predictions from the isomorph theory is that strongly correlating liquids, and
thereby van der Waal liquids, obey density scaling, when quoted in reduced units.
Density scaling implies that the relaxation time τ varies with density ρ and temperature
T in the following way [Gnan et al. 2009]:
τ = F(ργ/T) (5.9)
The reduced units make little difference for viscous liquids. The relaxation time in reduced
units is τ˜ = ρ1/3T1/2K · τ, where K is a constant [Gnan et al. 2009]. When the temperature
changes about 30% and the density changes about 20 %, the relaxation time changes
several orders of magnitude for a viscous liquid (the relaxation time changes about 100
billion %). Thus, the difference between using the actual relaxation time and the relaxation
time quoted in reduced units is very small.
As an approximation it is predicted that density scaling without reduced units holds for
strongly correlating liquids.
The slope (γ) of the ellipse of the WU-correlation is approximately the same as the γ
from density scaling [Gnan et al. 2009].
Density scaling has been tested and confirmed in several investigations, before the isomorph
theory predicted that strongly correlating liquids, and thus van der Waal liquids, obey
density scaling. These investigations are for example Dreyfus et al. (2004), Casalini &
Roland (2004), Alba-Simionesco et al. (2004), and Roland et al. (2008) which show that
density scaling holds for several liquids including van der Waal liquids. Roland et al.
(2008) show that density scaling fails, when the liquids have hydrogen bonds.
5.4 Isochronal Superposition
This section describes how isochronal superposition is a consequence of the existence and
the properties of isomorphs, and thus a prediction for strongly correlating liquids.
Isochronal superposition, in relation to this theory, is that the shape of the relaxation is
the same, when the relaxation time quoted in reduced units is the same.
Isochronal superposition follows from the isomorphs and some of their invariant properties.
It follows on the one side from the fact that the average relaxation time in reduced units
is invariant along an isomorph [Gnan et al. 2009]. However as described above, the
reduced units make little difference for viscous liquids, and as an approximation the
average relaxation time is invariant along an isomorph. In that case, the isomorphs are
approximately isochrones.
On the other hand, isochronal superposition follows from the fact that normalized time-
autocorrelation functions are invariant along an isomorph, when quoted in reduced units.
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Due to the fluctuation dissipation theorem (see section 2.1), this also means that normalized
linear response functions, when quoted in reduced units, are invariant along an isomorph.
This implies, that for example the normalized dielectric relaxation spectrum is invariant
along an isomorph, when quoted in reduced units. The reduced units in this case only
have impact on the relaxation time and the frequency spectrum. If the measurements are
performed at state points with the same relaxation time quoted in reduced units (τ˜), the
frequency spectrum also have to be quoted in reduced units for the relaxation spectra
to have maximum at the same frequency. But when the measurements are performed at
state points with the same actual relaxation time (τ) the frequency spectrum should not
be quoted in reduced units.
Thus, the approximation is that the normalized dielectric relaxation spectrum is invariant
along an isochrone. This approximation is used in this project. In the discussion, it is
described what influence the reduced units will have on the results, and it is seen, that
the reduced units have little influence.
Isochronal superposition is therefore a prediction for strongly correlating liquids, which
can be tested experimentally [Pedersen et al. 2011]. Because van der Waal liquids are
expected to be strongly correlating, the prediction is therefore that van der Waal liquids
obey isochronal superposition.
6 Problem Formulation
This chapter clarifies the problem formulation and the method to answer it. The problem
formulation of this thesis is:
Can it be shown experimentally whether different types of liquids obey isochronal
superposition? Are the results in accordance with a prediction, which say that van
der Waal liquids obey isochronal superposition?
A liquid obey isochronal superposition, if the nature of the relaxation process is the same
at different state points on an isochrone. In this project, it is investigated whether different
types of liquids obey isochronal superposition. As described in chapter 4 isochronal
superposition has been investigated before, but the data treatment in these investigations
mainly consists of visually comparing the relaxation spectra. Contrary to this, one of the
main points in this project is to develop a measure that describes to which degree a liquid
obeys isochronal superposition.
The isomorph theory provides furthermore a reason for investigating isochronal superposi-
tion, because the theory predicts that van der Waal liquids obey isochronal superposition.
It is thus investigated whether van der Waal liquids obey isochronal superposition. In
relation to this, it is investigated if there are any differences between hydrogen bonded
liquids obeying of isochronal superposition and van der Waal liquids obeying of isochronal
superposition. The isomorph theory does not have impact on the way the investigations
are performed or on how the measure of isochronal superposition is developed. The
results from the investigations are discussed in relation to the isomorph theory in the
discussion.
Dielectric measurements on four liquids are made in relation to this project, and dielectric
data on two other liquids are furthermore used in the investigations. Isochronal superpo-
sition (as well as the other superpositions) is a superposition that relates to all kinds of
relaxation spectra, but in this project, it is only investigated for the dielectric relaxation
spectra. This is mainly because the dielectric sample cell can stand the high pressures,
which is necessary to make measurements at different state points on the same isochrone.
The measuring equipment is important for the dielectric measurements, because precise
measurements are required, when the shape of the relaxation has to be compared. As
part of this project, the measuring equipment is investigated to see how this affects the
measurements, and thus the relaxation spectra. This is partly done because the equipment
is fairly new, but also because the relaxation spectra may be affected by stability, noise etc.
from the measuring equipment. Because isochronal superposition is based on comparing
these relaxation spectra, it is important that the measurements are precise.
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This chapter describes the parameters for choosing the liquids and it describes the chosen
liquids.
There are some limitations due to the measuring equipment, which have impact on the
choice of liquids. There are a limited frequency range, a limited pressure range, and
a limited temperature range. These have influence on the choice of liquids, because
the relaxation time, and thus the maximum of the α-peak, is very dependent on state
point, and this dependency is different from liquid to liquid (for example a thick oil
has a larger relaxation time than water at the same state point). The liquids have to
have α-relaxation ( fmax) in the available frequency range, when the state points are in the
available temperature and pressure ranges. Figure 7.1 provides an illustration of these
limitations and their consequences. It is seen, how the limitations affects the available
measuring area. Figure 7.2 illustrates the same for a different liquid. The measuring area
for this liquid is smaller than for the other liquid. A liquid may just as well not have
any available measuring area, and it is thus important to choose liquids, which have an
available measuring area due to the measuring equipment’s limitations.
For practical reasons the liquids have to be non-toxic and they have to be easy to handle
at room temperature. The dielectric strength of the liquids has to be high (at least over
1.5) to have a good signal.
In the light of the research question of this project there are several things, which the
liquids may fulfil. One purpose of the project is to investigate whether different liquids
obey isochronal superposition, where the prediction from the isomorph theory is that
strongly correlating liquids obey isochronal superposition. Therefore, it is important to
have liquids, which are expected to be strongly correlating. But it is also very interesting
to have liquids, which are not expected to be strongly correlating, to see whether they
obey isochronal superposition.
A liquid with van der Waals bonds is expected to be strongly correlating, while a liquid
with hydrogen bonds is not. Therefore, the requirement in this project is, that some
liquids are van der Waal liquids and that some liquids have hydrogen bonds.
Because the data treatment focuses on comparing the relaxation spectra and determine
whether they have the same shape, it is also important to take β-relaxation into account. The
reason for this is that relaxation spectra with β-relaxation might not be as comparable, as
relaxation spectra with only α-relaxation. Therefore, it will be advantageous to have liquids,
which have only α-relaxation, or liquids which all also have β-relaxation. Alternatively
it will be advantageous to have at least two liquids with only α-relaxation, where one
should be expected to be strongly correlating and the other one should not be expected to
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Figure 7.1 An illustration of the limitations of the measuring equipment. The temperature and the
pressure ranges are due to the measuring equipment. The fmax-values on the other hand depend
on the liquid, but they have to be in the available frequency range. The red shaded region shows,
where the measurements can be made for a liquid with this fmax,max and fmax,min, where fmax,max
is the maximum frequency and fmax,min is the minimum frequency of the frequency range. This is
different from liquid to liquid. Figure 7.2 illustrates the same but for another liquid.
Figure 7.2 An illustration of the available measuring area (the red shaded area) for another liquid,
than the one in figure 7.1. It is seen, that the measuring area for this liquid is smaller than for the
liquid illustrated in figure 7.1.
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be strongly correlating, and at least two liquids which also have β-relaxation, where the
one again should be expected to be strongly correlating and the other one should not.
Another interesting thing is to have a number of liquids, which have the same basic
molecular structure, but a different number of for example OH-groups and thereby
hydrogen bonds. With such a series of liquids, it can be investigated whether it is
seen experimentally, that the number of for example OH-groups make the liquid obey
isochronal superposition more or less relative to the number of hydrogen bonds.
The liquids measured in relation to this investigation are (in the order they are measured)
polyphenyl ether (5PPE), 1,2,6 hexanetriol (1,2,6-HT), diethyl phthalate (DEP), and glycerol.
Furthermore data on a Dow Corning silicone diffusion pump oil, tetramethyl-tetraphenyl-
trisiloxane (DC704) and dibutyl phthalate (DBP) are used for the investigation. The DC704
data are compiled for the article Nielsen et al. (2010), and can be found on the data
repository in Glass & Time’s homepage1. The measurements on DC704 are made in the
laboratory at Silesian University, Katowice, Poland. The DBP data are compiled for the
article Niss et al. (2007) and are measured in the laboratory, LCP, in Orsay.
None of the used liquids show large β-relaxation, but a little β-relaxation can still impact
on the shape of the relaxation spectra. In the used class of liquids there are both liquids,
which are expected to be strongly correlating, and liquids which are not expected to be
strongly correlating. Glycerol and 1,2,6-HT, which are both expected not to be strongly
correlating, have the same basic structure, but glycerol have a higher concentration of
hydrogen bonds than 1,2,6-HT. DEP and DBP also have similar molecular structure, but
they are both expected to be strongly correlating.
The liquids are described below. First the liquids which are not expected to be strongly
correlating (1,2,6-HT and glycerol) are described, and after this the liquids which are
expected to be strongly correlating (5PPE, DEP, DC704, and DBP) are described .
7.1 1,2,6-HT
Figure 7.3 shows the molecular structure of 1,2,6-HT. 1,2,6-HT is not expected to be
strongly correlating, because the intermolecular bonds are hydrogen bonds. This is seen
from the molecular structure, because some of the hydrogen atoms are bound to oxygen
atoms, which have a large electronegativity. The hydrogen atom will therefore be attracted
to oxygen atoms from the other molecules, and the hydrogen bond occurs. 1,2,6-HT has
Tg=203 K at atmospheric pressure [Papini 2012]. It has an excess wing, that may be due
to some β-relaxation [Forsman 1988]. The dielectric strength is measured to be around 42.
Because 1,2,6-HT can absorb water, the liquid was pumped on and warmed in half an
hour before use, until no bubbles were seen. Three samples of 1,2,6-HT were used. The
first and second sample crystallized during the measurements, and only measurements
from the third sample are used in the data treatment.
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Figure 7.3 The molecular structure of 1,2,6-HT.
Figure 7.4 The molecular structure of glycerol.
7.2 Glycerol
Figure 7.4 shows the molecular structure of glycerol. Glycerol is not expected to be strongly
correlating, because the intermolecular bonds are hydrogen bonds. Glycerol has a Tg=193
K at atmospheric pressure [Nielsen 2009]. Glycerol shows some β-relaxation [Roland et al.
2003]. The dielectric strength is measured to be around 62.
Glycerol can, like 1,2,6-HT, absorb water. Therefore, the liquid was pumped on and warmed
in about 12 hours, until only a few bubbles were seen. Two samples of glycerol were used
during the measuring process. The first sample crystallized during the measurements,
and only measurements from the second sample are used in the data treatment.
7.3 5PPE
Figure 7.5 shows the molecular structure of 5PPE. 5PPE is expected to be strongly
correlating, because the intermolecular bonds are van der Waal bonds. 5PPE shows no
β-relaxation [Jakobsen et al. 2005]. For 5PPE Tg = 244 K at atmospheric pressure and it
has dielectric strength 1.5 [Niss & Jakobsen 2003].
In the measuring process three samples of 5PPE were used. The first sample was only used
to get a feeling of the measuring equipment, because these were the first measurements
made. None of the measurements from this sample are used further. The measurements
used in the data treatment are all measured on the second sample. The third sample was
used in the end of the measuring period to test and investigate the measuring equipment.
Figure 7.5 The molecular structure of 5PPE.
1 http://glass.ruc.dk/data
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Figure 7.6 The molecular structure of DEP.
Figure 7.7 The molecular structure of DC704.
7.4 DEP
Figure 7.6 shows the molecular structure of DEP. DEP is expected to be strongly correlating,
because the intermolecular bonds are van der Waal bonds. DEP shows some β-relaxation
[Pawlus et al. 2003]. It has Tg = 187 K at atmospheric pressure [Nielsen 2009]. The
dielectric strength for DEP is measured to be around 8.2.
Only one sample of DEP was used in the measurements.
7.5 DC704
Figure 7.7 shows the molecular structure of DC704. DC704 is expected to be strongly
correlating, because the intermolecular bonds are van der Waal bonds. DC704 has Tg=211
K at atmospheric pressure and the dielectric strength is 0.2 [Niss & Jakobsen 2003]. It
shows no β-relaxation [Jakobsen et al. 2005].
In Gundermann et al. (2011) it is shown, that DC704 in fact is strongly correlating. They
have measured the correlation coefficient to be R = 0.9± 0.2. They furthermore show
that the density scaling exponent (γ in τ = F( ρ
γ
T )) can be calculated from the equilibrium
fluctuations at a single state point by using that γ = 〈∆W∆U〉〈(∆U)2〉 from the isomorph theory.
This is done by using the fact that the fluctuation dissipation theorem relates fluctuations
to linear response functions (se chapter 2.1), and by measuring four linear response
functions.
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Figure 7.8 The molecular structure of DBP.
7.6 DBP
Figure 7.8 shows the molecular structure of DBP. DBP is expected to be strongly correlating,
because the intermolecular bonds are van der Waal bonds. It has some β-relaxation [Nielsen
2009]. For DBP Tg=177 K at atmospheric pressure [Niss 2007]. The dielectric strength is
measured to be around 8.
8 Measuring Equipment
This chapter describes the equipment used for the measurements. Gundermann (2012)
provides a more detailed description of the high pressure setup.
The capacitor with the dielectrics, called the sample cell, is placed in a pressure vessel.
The pressure vessel is connected to a high pressure pump via a metal capillary, which
leads the pressure medium to the pressure vessel. The pressure vessel is also connected to
a thermal bath, which ensures that the temperature is kept stable at a chosen temperature.
In the pressure vessel, a thermocouple is placed which measures the temperature close to
the sample cell. The sample cell is connected to the electrical measuring equipment via
feedthroughs at the top of the pressure vessel. The electrical measuring equipment consists
of a LCR meter and a multimeter working with a generator. The electrical measuring
equipment is connected to a computer, where the measurements are saved. Figure 8.1
and figure 8.2 provide pictures of the measuring equipment.
8.1 Pressure Vessel
The pressure vessel is the type MV1 from Unipress Equipment in Warsaw Poland. The
maximal pressure is 600 MPa1, and the temperature range is from 173 K to 393 K. The
pressure medium used is a silicon oil.
Figure 8.3 shows a drawing of the pressure vessel. The sample cell is placed in the
pressure vessel, where the pressure medium is. The pressure is delivered through a metal
capillary at the bottom of the vessel. The thermal liquid flows around the sample cell in
the walls of the pressure vessel. The wires from the sample cell to the electrical equipment
passes through the top of the pressure vessel.
When the sample cell is placed in the pressure vessel, the pressure vessel is wrapped in
Styrofoam in order to prevent ice formation and to maintain a stable temperature.
8.2 Sample Cell
The sample cell for the dielectric measurements consists of two round stainless steel plates
with a diameter on 19.5 mm. Between the plates is a kapton spacer, which is 0.05 mm
thick. The spacer separates the two steel plates and prevents the sample liquid from
flowing out. The outer diameter of the kapton spacer is 19.5 mm, while the inner diameter
is 17.5 mm. The capacitance of the empty sample cell is found using the equation C = ε0Ad ,
where ε0 is the vacuum permittivity, A is the area of the plates, and d is the distance
between the plates. This gives a capacitance on 43 pF, when the sample cell is empty.
1 The highest pressure used is 400 MPa, because the pressure vessel got leaks at higher pressures.
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Figure 8.1 A picture of the measuring equipment. The pressure vessel is wrapped in Styrofoam in
this picture. Figure 8.2 provides a picture of the pressure vessel without Styrofoam, where the
thermocouple is also seen.
Figure 8.2 A picture of the pressure vessel.
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Figure 8.3 A drawing of the pressure vessel [Gundermann 2012, page 31].
The sample cell is prepared in the following way: A couple of drops of the liquid are
placed on one of the plates, and the two plates are put together with the kapton spacer
between them. Now it is wrapped in Teflon tape and a plastic ring, and afterwards it is
wrapped in rubber. For the measurements in these investigations, a finger from a rubber
glove is used. After this come another layer of Teflon tape, a layer of rubber, a layer of
Teflon tape, and a layer of rubber. At last the rubber fingers are closed with three strips.
Finally, the wires are connected to the sample cell by use of screws. The figures 8.4-8.19
show pictures of the preparation of the sample cell.
It has not been investigated whether less wrapping of the sample cell is enough to prevent
the pressure liquid to get in touch with the sample, but this type of wrapping is the one,
that has been used for other measurements with this setup by Gundermann (2012) and
Olsen & Videnkjær (2010).
To be sure that the sample liquid has not been mixed with the pressure medium, a test is
performed on a regular basis. The test is done by performing a measurement at a state
point, where a measurement has been done, when the sample was new. In this way, it is
checked whether the relaxation spectra has changed, and thereby also the liquid in the
sample cell2.
8.3 High Pressure Pump
The pump is the type U111 from Unipress Equipment in Warsaw Poland. The maximal
pressure is 700 MPa. The pump has two settings; manual and automatic. For the
measurements in this project, the automatic setting is used. In this setting, the desired
pressure is set on the display at the pump. When the pressure is set, the automatic mode
2 By doing these tests, it is also possible to check whether the liquid crystallizes.
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Figure 8.4 The plates and the
kapton spacer.
Figure 8.5 The kapton spacer
is placed on one of the plates.
Figure 8.6 The liquid is
placed on one of the plates.
Figure 8.7 The plates
are put together with
the liquid inside.
Figure 8.8 Teflon tape
is wrapped around the
sample cell.
Figure 8.9 The sample
cell is placed in a
plastic ring.
Figure 8.10 The sam-
ple cell is wrapped in
Teflon tape.
Figure 8.11 The sample cell
is wrapped in rubber.
Figure 8.12 The sample cell
is wrapped in Teflon tape.
Figure 8.13 The sample cell
is wrapped in rubber.
Figure 8.14 The sample cell
is wrapped in Teflon tape.
Figure 8.15 The sample cell
is wrapped in rubber.
Figure 8.16 The rubber is
closed with three strips.
Figure 8.17 The excess rubber
and strips are cut off.
Figure 8.18 The wires are
screwed into the sample cell.
Figure 8.19 The screws are
covered with plastic.
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keeps the pressure stable in the way, that if the pressure decreases more than a chosen
margin, the pump ensures, that the pressure increases to the desired pressure again.
The normal factory setting for this margin is 5 MPa, which was used at first. During the
measurements on the first liquid (5PPE), this margin was changed to 3 MPa, which is the
smallest margin permitted. Therefore some of the measurements on the liquid 5PPE are
made with margin 5 MPa, while all other measurements are made with the margin 3
MPa. Investigations are made to see how this kind of stability affects the measurements.
Section 9.2 presents these investigations.
The pump and the pressure vessel are connected via a metal capillary, where the pressure
medium flows.
The pump is connected to the computer, and the pressure is measured before and after
each dielectric measurement.
8.4 Thermal Bath
The temperature is provided and kept stable by a thermal bath of the type Julabo F81-ME.
The temperature stability is ±0.02 K [Julabo 2009]. The thermal medium used for the
measurements is a mixture of water and glycol. With this mixture, the temperature range
is 233 K to 333 K. By use of another medium, the temperature range can change.
The temperature in the thermal bath is set on the computer. This is calibrated, such that
it is the exact temperature in the thermal bath, which is being set (which not necessarily
is the same, as showed on the display at the thermal bath).
A thermocouple is furthermore placed in the pressure vessel to measure the temperature
close to the sample cell, because this temperature may be different from the temperature
in the thermal bath. A thermocouple consists of two different kinds of metal, soldered
together in both ends. When there is a temperature difference between these two ends
a voltage difference occurs. This voltage difference can be converted into a temperature
difference. To measure the precise temperature with the thermocouple, this is calibrated
(the calibration is not made in relation to this project). To calibrate the thermocouple,
measurements of the voltage difference are performed, when the thermocouple is placed
directly in the thermal bath. In the thermal bath is, at the same time, a calibrated
thermometer to measure the exact temperature. These measurements of temperature and
voltage difference are done for several temperatures in the used temperature range. After
this, a function is fitted to these measurements.
The thermocouple measures the temperature before and after each dielectric measurement.
It is important to notice that the measuring equipment is in a room with other measuring
equipment, which may release heat. The temperature in the room is affected by this and
other things. But as mentioned before, the pressure vessel is wrapped in Styrofoam to
prevent these thermal changes to have an impact on the temperature. Olsen & Videnkjær
(2010) have made an experiment to test the temperature stability of this equipment. They
made 300 measurements over 57 hours at the same temperature at atmospheric pressure.
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Figure 8.20 To the left the setup used for determination of the capacitance of the sample cell C˜x is
shown. The dummy load (C˜0) consists of a capacitor (C0) and a resistor (R0) in parallel, which is
shown in the figure to the right.
They show that the results of all of these measurements are the same. This shows that
the temperature is stable during the measurements.
8.5 Multimeter and LCR Meter
The electrical measuring equipment used for this setup, is the same as used at the other
setups at Roskilde University, which is described in detail in Igarashi et al. (2008). Together,
the commercial Agilent E4980A LCR meter and the custom-built frequency generator in
combination with an Agilent 3458A multimeter measures in the frequency range 10−3 Hz
- 106 Hz. There is an automatic switch between the LCR meter and the multimeter at 100
Hz.
The LCR meter measures the capacitance of the sample cell directly, and it measures in
the frequency range 102 Hz - 106 Hz.
The multimeter, together with a frequency generator, is used to measure in the frequency
range 10−3 Hz - 102 Hz. The multimeter does not measure the capacitance directly, but
instead it measures a voltage. The measured voltage is then converted into the capacitance
of the sample cell. The sections below describe this and the calibration of the multimeter.
8.5.1 Multimeter
The frequency generator supplies a voltage Vg, and the multimeter then measures Vm,
which is the voltage over a known dummy load. The voltages are harmonic oscillating
and can therefore be written as V = V0cos(ωt+ ϕ), where V0 is the amplitude, ω is the
frequency of oscillation, and ϕ is the phase. Complex numbers are used to calculate with
these electrical circuits. Appendix A presents the method of calculation.
The setup is shown in figure 8.20, where C˜x is the capacitance of the sample cell. The
dummy load, with the complex capacitance C˜0, consists of a known capacitor (C0) and a
known resistor (R0) in parallel.
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Because Vg and C˜0 are known and Vm is measured, the capacitance of the sample cell (C˜x)
can be calculated. In the calculation, it is used that Q is constant in an electrical circuit
with wires in series. When V is a harmonic function so is Q, and these are then written
as V = V0cos(ωt+ ϕV) and Q = Q0cos(ωt+ ϕQ). It is furthermore used that Q˜ = C˜ · V˜,
where Q˜ = Q0eiϕQ and V˜ = V0eiϕV (see Appendix A).
V˜g · 11
C˜x
+ 1
C˜0
= V˜m · C˜0 ⇔ (8.1)
V˜g
V˜m
= C˜0 · ( 1C˜x
+
1
C˜0
)⇔ (8.2)
V˜g
V˜m
=
C˜0
C˜x
+ 1⇔ (8.3)
V˜g − V˜m
V˜m
=
C˜0
C˜x
⇔ (8.4)
C˜x = C˜0 · V˜mV˜g − V˜m (8.5)
Before this calculation, the exact value of C˜0 has to be found, which is done by a calibration.
The following section describes this.
8.5.2 Calibration of the multimeter
A calibration is needed to determine the exact value of C˜0, which is the complex capacitance
of the dummy load. The calibration procedure is described here, because there are some
changes relative to what is usually done during the calibration process at Roskilde
University.
What is normally done at the Roskilde University setups is, that the sample cell is replaced
by a known capacitor (Ck). This means that on the sample cell’s position in the circuit, is
this capacitor (Ck) in parallel with a resistor (Rx), where the resistor represents conductivity.
Figure 8.21 illustrates this.
The complex capacitance of C˜x during the calibration is then:
C˜x = Ck +
1
iωRx
(8.6)
From equation 8.5 the following relation between Ck, Rx, C˜0, V˜g, and V˜m during the
calibration is established:
Ck +
1
iωRx
= C˜0 · V˜mV˜g − V˜m ⇔ (8.7)
C˜0 = (Ck +
1
iωRx
) · V˜g − V˜m
V˜m
(8.8)
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Figure 8.21 The setup used for calibration of the multimeter at the other measuring equipments at
Roskilde University.
Figure 8.22 The setup used for calibration of the multimeter at the high pressure setup.
A measurement with the multimeter (and the LCR meter) is done. Ck is measured with
the LCR meter. The value of C˜0 is then determined by adjusting the value of Rx, until the
value of the real part of C˜0 is close to frequency independent.
In the standard setups at Roskilde University the temperature is lowered and the capacitor
is in vacuum during the calibration to decrease the conductivity. The wires etc. are also
made in order to decrease the conductivity. This high pressure setup is different because
the wires have to maintain pressures up to 600 MPa, which sets some boundaries for,
which materials can be used. It is not possible to have vacuum either. Therefore there is
more conductivity, for example from the sample cell to the pressure vessel and between
the wires, than in the standard setups.
For the calibration used for the measurements in this project, the sample cell is replaced
with a known capacitor (Ck) in parallel with a known resistor (Rk). The size of Rk has to
be smaller than the size of Rx, which is the resistor representing conductivity. Figure 8.22
illustrates this setup.
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During the calibration at the high pressure setup the capacitance (C˜x) is then:
C˜x = Ck +
1
iωRx
+
1
iωRk
(8.9)
The relation between Ck, Rk, Rx, C˜0, V˜g, and V˜m during the calibration is:
C˜0 = (Ck +
1
iωRx
+
1
iωRk
) · V˜g − V˜m
V˜m
(8.10)
Then, as the calibration in the standard setups, a measurement with the multimeter (and
the LCR meter) is done. Ck is again measured with the LCR meter. The value of C˜0 is
then determined by adjusting the value of 11
Rx +
1
Rk
, until the value of the real part of C˜0 is
close to frequency independent.
So, while in the other setups at Roskilde University Rx is adjusted, so that Re(C˜0) is
frequency independent, it is now a new constant, Rnew, which equals
1
1
Rx +
1
Rk
(8.11)
that is being adjusted. Because Rk is known and it is smaller than Rx, the value of Rnew
is determined more precisely than the value of Rx, which is the one being determined in
the usual setups at Roskilde University.
8.6 Performing the Measurements
The way the measurements are performed is determined by the fact that the temperature
and the electrical equipment are controlled via a computer, and therefore can be pro-
grammed to make a series of measurements at different temperatures. The pressure can
only be controlled via the buttons on the pump. Therefore series of measurements are
performed with constant pressure and varying temperature. These measurement series
are then made at several constant pressures.
It is furthermore important to notice, that the temperature should not be raised when
pressure is on, because this makes the pressure increase, and the pump cannot lower the
pressure automatically. So to prevent overpressure, the temperature is set on the highest
desired temperature, then the pressure is applied, and then the measurement series is
started, where the temperature is lowered and measurements are performed at the desired
temperatures.
At each temperature there is a waiting time to make sure that the sample has the desired
temperature and that the liquid is in equilibrium. Furthermore, two measurements are
performed at each temperature to make sure that the liquid is in equilibrium, which
is the case if the relaxation spectra from the two measurements are the same3. The
3 However, if the measurements are short and the relaxation time is long, the measurements could look the
same anyway.
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measurements take from about 1 minute to about 10 hours depending on the frequency
range.
As earlier described a test is performed on a regular basis to make sure that the sample
liquid has not been mixed with the pressure medium.
The temperature and pressure in the pressure vessel are measured right before and right
after each measurement. The temperatures and pressures used further in the project are
respectively the average of these two measurements of temperature and the average of
these two measurements of pressure4.
4 In some of the investigations made to test the measuring equipment, the used pressure and temperature are
however the ones set at the pump and in the thermal bath. It is noted, when this is the case.
9 Investigation and improvement of the
measuring equipment and discussion of
problems related to measurements
This chapter investigates whether different systematic errors and noise in the data can
be prevented by improvement of the measuring equipment. It also investigates how the
stability of the pump affects the measurements. An investigation of crystallization is
furthermore presented.
9.1 Noise and systematic errors in the measurements
During the first measurements (on the liquid 5PPE), it was clear that there are some
problems with systematic errors and noise in the data, several places in the frequency
range. Several things are done to investigate where this comes from, and to improve the
measuring equipment, such that this maybe can be prevented. It should be pointed out,
that the liquid 5PPE has a low dielectric strength compared to the other measured liquids,
and that noise and systematic errors are not seen as much in the measurements of the
other liquids as with 5PPE.
Below, several studies that are made to investigate the noise and the systematic errors and
to improve the measurements, are described.
There is noise in the low frequency range, where the multimeter is used, between 10−3
Hz and 10−2 Hz. In the frequency range where the LCR meter is used, there is noise in
the area after 100 Hz (between 100 Hz and 1000 Hz), and a systematic error in the high
frequency range between 105 Hz and 106 Hz. A typical picture of this is shown in figure
9.1. The figures which relate to the noise in the spectra show the capacitance instead of
the dielectric relaxation, so that these figures can be compared with the investigations.
In the measurements with 5PPE where the pressure is high (300 MPa and 400 MPa), a
systematic error also occurs at low frequencies.
9.1.1 Noise and systematic error in the LCR meter area
To investigate the noise and the systematic error in the LCR meter area, a measurement
on a capacitor of 12 pF is performed with the LCR meter. This capacitor is chosen,
because the capacitance is in the same order of magnitude as the capacitance of the sample
cell. This measurement is made to investigate whether the LCR meter is good enough.
This measurement is compared to a measurement of the same capacitor with another
LCR meter. The figures 9.2 and 9.3 show these measurements, where both LCR meters
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Figure 9.1 An example of the systematic error and noise in the frequency ranges 10−3 Hz - 10−2
Hz, 100 Hz - 1000 Hz, and 105 Hz - 106 Hz. The measurement is on 5PPE at the state point 270.9 K
and 99 MPa.
Figure 9.2 The negative imaginary part of the capacitance for a measurement on a capacitor of
12 pF. The red curve is the measurement with the used LCR meter, while the blue curve is a
measurement with another LCR meter.
have some noise and errors. The size of the noise and the error is in the same order of
magnitude in these two measurements. It is therefore concluded that the LCR meter does
probably not cause the noise and the systematic errors, because other measurements with
these types of LCR meters do not have so much noise and systematic errors. It is therefore
investigated whether other things have an influence on the noise and the systematic errors.
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Figure 9.3 The real part of the capacitance for a measurement on a capacitor of 12 pF. The red
curve is the measurement with the used LCR meter, while the blue curve is a measurement with
another LCR meter.
It is normal to have a noisy point around 100 Hz, because this is the place, where the
shift between the multimeter and the LCR meter is. But it is not normal to have a whole
decade of noise afterwards. To investigate this noise and the systematic error in the high
frequency area, measurements are respectively performed directly with the LCR meter
(and thereby bypass the switchbox), performed with the pump turned off, and performed
with the thermal bath turned off. Figure 9.4 shows that none of these measurements differ
much in noise and systematic error from the other measurements. Therefore, it is unlikely
that the switchbox, the pump, and the thermal bath have any influence on the noise and
the systematic error in the LCR meter area.
So by these investigations, it is not shown what causes the noise in the frequency range
100 Hz - 1000 Hz and the systematic error in the frequency range 105 Hz - 106 Hz. This
indicates that the noise and the systematic errors can be caused by the feedthroughs. The
feedthroughs are however necessary, and it is not straightforward to optimise these.
9.1.2 Noise in the multimeter area
To investigate the noise in the low frequency area, the capacitance (C˜0) of the dummy
load from the calibration is studied. The declared values of the capacitance (C0) and the
resistance (R0) of the dummy load is respectively 10 nF and 100 MΩ, but as described in
section 8.5.2 the exact value of C˜0 is found during the calibration. To make sure that it
really is the dummy load’s capacitance that is found in the calibration, the capacitance C˜0
is investigated.
If it actually is the capacitance of the dummy load that has been found, this can be written
as:
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Figure 9.4 Measurements on 5PPE done with respectively the pump turned off (black), the thermal
bath turned off (blue), without the switchbox (red) and a normal measurement with pump and
thermal bath turned on, and via the switchbox (green). There is noise in the area 100 Hz - 1000 Hz
and a systematic error in the area 105 Hz - 106 Hz in all the measurements.
C˜0 = C0 +
1
iωR0
(9.1)
The imaginary part of C˜0 is:
imag(C˜0) = − 1
ωR0
⇔ (9.2)
−imag(C˜0) = 1
ωR0
⇔ (9.3)
log(−imag(C˜0)) = log( 1
ωR0
) = log( 1
ω
) + log( 1
R0
) = −log(ω)− log(R0) (9.4)
So when log(−imag(C˜0)) is plotted as a function of log(ω), it should result in a straight
line with slope -1 and intersection with the y-axis at log(R0). Figure 9.5 shows that this
R0 is the same as the one declared on the dummy load.
The real part of C˜0 is:
real(C˜0) = C0 (9.5)
So when real(C˜0) is plotted as a function of frequency, it should result in a horizontal
straight line at C0. Figure 9.6 shows that this C0 is the same as the one declared on the
dummy load.
From this investigation, it is therefore seen that it is the dummy load’s capacitance that is
found during the calibration.
The capacitance is therefore investigated further.
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Figure 9.5 log(−imag(C˜0)) plotted as a function of log(ω). This results in a straight line with the
function log(−imag(C˜0)) = −0.98 · log(ω)− 8. From this, it is seen that the value of R0 is in fact
100 MΩ as declared on the dummy load.
Figure 9.6 real(C˜0) plotted as a function of frequency. This results in an approximately constant
line with the value 10 nF which is the same as the declared value of C0 on the dummy load.
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Figure 9.7 The absolute value of the capacitance of the dummy load (blue) increases very strongly
in the low frequency area relative to the absolute value of the capacitance of the sample cell (red).
The data example is on 5PPE at the state point 100 MPa and 272.8 K.
The absolute value of the complex voltage describes the size of the amplitude. The
absolute value of the capacitance increases very strongly in the low frequency area as seen
in figure 9.7. This means that the capacitance of the dummy load (C˜0) becomes much
bigger than the capacitance of the sample cell (C˜x) in the low frequency range. When
C˜0 is much bigger than C˜x, the fraction C˜xC˜0 becomes very small, and so does
V˜m
V˜g−V˜m . It is
therefore difficult to get a precise measure of the capacitance of the sample cell.
The absolute value of the capacitance of the dummy load is:
|C˜0| =
√
C20 +
1
(ωR0)2
(9.6)
From this equation, it is seen that for high frequencies |C˜0| ≈ C20 . It is also seen that
|C˜0| → ∞ for ω → 0. To lower the frequency, where |C˜0| starts increasing, the frequency
where the term 1(ωR0)2 starts to have large influence on |C˜0| is studied. This happens when
1
(ωR0)2
> C20 and thus when:
1
ωR0
> C0 ⇔ (9.7)
ω <
1
C0R0
⇔ (9.8)
To make the frequency where |C˜0| starts increasing lower, 1C0R0 has to be smaller. To make
this smaller, one can use a capacitor with a larger capacitance and/or a resistor with a
larger resistance.
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Figure 9.8 The first used dummy load’s capacitance (blue) and the second used dummy load’s
capacitance (red). It is clear, that the absolute value of the capacitance starts increasing at a lower
frequency with the new dummy load than with the old one.
A new dummy load with a higher resistance than the old one, is used. The new dummy
load has a capacitance on 10 nF and a resistance on 1 GΩ. When the dummy load is
changed, a new calibration is needed. An investigation of the capacitance found during
this calibration again shows that it is the dummy load’s capacitance and resistance that is
found during the calibration (the investigation is performed in the same way as with the
old dummy load).
Figure 9.8 shows that the absolute value of the new dummy load’s capacitance increases
at a lower frequency than the old dummy load’s capacitance.
The dummy load was changed after the measurements on the liquid 5PPE. After this, the
measurements continued with other liquids, but none of these liquids have, because of
the pressure and temperature ranges of the equipment, α-relaxation in the low frequency
area. The new dummy load was therefore first tested at the end of the measuring period,
with a new sample of 5PPE. It is however not clear from the measurements whether the
new dummy load decreases the noise, because the new measurements, show a systematic
error (kind of like the systematic error in the measurements with high pressures, which
is described in section 9.1.3, but now also for lower pressures). Figure 9.9 shows a
measurement with the old dummy load and with the new dummy load for 5PPE at the
same state point. But it is hard to conclude, whether this new dummy load has decreased
the noise, because of the new systematic error. This systematic error may emanate from
the wires, which during this project have been improved to maintain the pressure. These
new wires are not as protected against the pressure medium as the old wires. This may
lead to leakage currents which may cause systematic errors (see next section).
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Figure 9.9 Measurements with respectively the new dummy load (red), and the old dummy load
(blue). From this, it can not be concluded, whether the new dummy load has made a difference,
because a new systematic error has occurred. The measurements are on 5PPE at the state point
270.9 K and 99 MPa.
9.1.3 Systematic error in the measurements with high pressure
During the measurements on the first liquid 5PPE, it was clear that there is systematic
error in the measurements with the pressures 300 MPa and 400 MPa, which are the
highest pressures used with this liquid. Figure 9.10 shows an example of this systematic
error. This figure does however not show exactly what happens. Figure 9.11 shows the
spectrum in a loglin-plot, where it is seen that the capacitance becomes negative. When
the capacitance becomes negative the logarithm to this is not physically relevant. However,
MatLab plots the logarithm to the absolute value, and the loglog-plot does therefore not
give the right picture of the spectrum. In this investigation, it is however the loglog-plot
which is used, because it is easy to recognise the systematic error in this plot.
To investigate this error, it is studied how the measurements will be affected by leakage
currents other places in the system at high pressures. This is modelled by more resistors.
One scenario with extra leakage current is studied. It should be pointed out, that other
scenarios are also possible.
Figure 9.12 illustrates the investigated scenario. The resistor represents a leakage current
from the wires to the pressure vessel. This situation is modelled with a resistor (R1)
with capacitance C˜1 = 1iωR1 , in parallel with the dummy load. In that case, the following
relationship between V˜m, V˜g, C˜0, C˜1 and C˜x is established:
1
1
C˜x
+ 1
C˜0+C˜1
· V˜g = (C˜0 + C˜1) · V˜m ⇔ (9.9)
V˜g
V˜m
= (C˜0 + C˜1) · ( 1C˜x
+
1
C˜0 + C˜1
)⇔ (9.10)
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Figure 9.10 An example of the systematic error at high pressures. The left side of the peak does
not have the expected shape. The example is from the liquid 5PPE at the state point 332.4 K and
301 MPa.
Figure 9.11 An example of the systematic error at high pressures, where the capacitance becomes
negative. The example is from the liquid 5PPE at the state point 332.4 K and 301 MPa.
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Figure 9.12 One scenario is that there is a leakage current parallel to the dummy load represented
by a resistor (R1) with the complex capacitance C˜1 = 1iωR1 .
V˜g
V˜m
=
C˜0 + C˜1
C˜x
+ 1⇔ (9.11)
V˜g − V˜m
V˜m
=
C˜0 + C˜1
C˜x
⇔ (9.12)
C˜x = (C˜0 + C˜1) · V˜mV˜g − V˜m ⇔ (9.13)
C˜x = (C˜0 +
1
iωR1
) · V˜m
V˜g − V˜m (9.14)
To see the difference from the normally used situation (the situation described in section
8.5.1) to this situation with an extra resistor, the relation between the capacitance in the
normal used situation (called C˜x,calculated) and the capacitance in this situation (called
C˜x, f inal) is established. For the normally used situation:
C˜x,calculated = C˜0 · V˜mV˜g − V˜m (9.15)
So the relationship between the normally used situation and the situation with the extra
resistor in parallel with the dummy load is the following:
C˜x, f inal = (C˜0 +
1
iωR1
) · C˜x,calculated
C˜0
⇔ (9.16)
C˜x,calculated =
C˜x, f inal · C˜0
C˜0 + 1iωR1
(9.17)
To investigate whether this extra resistor (and thereby leakage current) may account for
the systematic error, the Debye model is used (the Debye model is described in section
3.4).
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Because the Debye model provides a model of a liquid, this can be used to check whether
the systematic error in the spectra at high pressures is due to extra leakage currents. This
is done in the following way by using equation 9.17:
C˜x,calculated =
C˜debye · C˜0
C˜0 + 1iωR1
(9.18)
where
C˜debye = C2 +
C3
(ωRC3)2 + 1
− iωRC
2
3
(ωRC3)2 + 1
(9.19)
If, by adjusting R1, C˜x,calculated results in a spectrum with the same type of error as the
error in the measurements at high pressures, the error may be due to the extra leakage
current.
First some values for C3, C2 and R are found, so that they match the ones from the
measurements at high pressures.
From a measurement at 300 MPa, the values of C3 and C2 are found by looking at the real
part of the capacitance at respectively high and low frequencies: C2 + C3 = 2.1 · 10−10 F
and C2 = 1.6 · 10−10 F.
R is also found from this measurement by using that ωmax = 1RC3 and by finding fmax by
fitting a second degree polynomial to the maximum of the negative imaginary part of the
capacitance. R is therefore found by:
R =
1
2 · pi · fmax · C3 (9.20)
The negative imaginary part of the capacitance of this Debye model is shown in section
3.4.
Now C˜x,calculated is found by using equation 9.18, where different values of R1 are tested
to see whether the negative imaginary part of the capacitance (−C˜′′x,calculated) may look like
the one from the high pressures. From this, it is seen that when R1 is between 0.1GΩ and
1000GΩ the spectra look like the spectra at the high pressures. In figure 9.13 the negative
imaginary capacitance is shown as a function of frequency where R1 = 10GΩ. As it is seen,
this results in a spectrum, which is similar to the spectra from the measurements at high
pressures. Therefore, an extra leakage current may cause the error in the measurements
at the high pressures.
If in fact this extra leakage current causes the error at high pressures, it is possible to
convert the data in order to take the leakage current into account and thereby avoid the
error. Because this error is only a problem with the liquid 5PPE and because the data
treatment focuses on the right side of the peak (see chapter 13), this is not investigated
further.
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Figure 9.13 −C˜′′x,calculated plotted against log( f ) for R1 = 10GΩ. This spectrum is similar to the
spectra at high pressures.
9.2 Investigation of the stability of the pump
As described in section 8.3 the pump keeps a stability of 3 MPa, in the way that the pump
ensures that if the pressure decreases 3 MPa from the desired pressure, it pumps to the
desired pressure again. In this section two investigations, to study how the pump stability
affects the measurements, are described.
By using some of the measurements on the liquid DEP, it is studied how much influence
this pressure stability range may have on the measurements. This is done by looking
at measurements made at the same temperature, but at different pressures. For these
measurements log( fmax) is plotted against pressure. Figure 9.14 shows this. From a linear
fit to these points, it is seen that log( fmax) changes about 0.02 decade when the pressure
is changed 1 MPa, and therefore that log( fmax) may change about 0.06 decade when the
pressure is changed 3 MPa. To investigate further, how this impacts the measurements,
another investigation is made.
This investigation is made in the same way, as the investigation made to test the temperature
stability on this measuring equipment, which was made by Olsen & Videnkjær (2010).
They made their investigation with 5PPE, and the investigation of the pressure stability is
also made with 5PPE.
The investigation is made by making 300 measurements at the same state point (i.e. the
pressure and the temperature set at the pump and in thermal bath are the same in all the
measurements). Each measurement takes about 80 seconds and between the measurements
is a pause of 10 minutes.
Figure 9.15 shows the 300 measurements. It is seen, that they are not exactly the same. To
investigate how this impact the relaxation time, log( fmax) is found for each measurement
and is plotted against time in figure 9.16.
9.2 Investigation of the stability of the pump 73
Figure 9.14 log( fmax) plotted against pressure for two temperatures; 234 K (blue) and 244 K (red)
with the liquid DEP (the temperatures here are the ones set in the thermal bath). From a linear fit
to these points one can get a feeling of how much log( fmax) changes if the pressure changes.
Figure 9.16 shows that log( fmax) slowly increases until a point where it quickly decreases
and so on. This shows that the stability of the pump is as expected; that the pressure
slowly decreases from the desired pressure, and when the pressure has decreased 3 MPa,
the pressure increases to the desired pressure again (from the figure, it is seen that this
happens 4 times during the period of 57 hours). From this investigation, it is seen that
log( fmax) fluctuates between 3.70 and 3.83 and therefore may change about 0.13 decade
during the measurements.
The change in log( fmax), when the pressure changes 3 MPa, is different from liquid to
liquid which is seen from the two investigations on two different liquids, where log( fmax)
for 5PPE changes twice as much as for DEP.
The pressure stability is a problem for the measurements, because if the pressure changes
during a measurement, the relaxation spectrum also changes. This is mostly a problem
for the long measurements, but also if the measurement is made while the pressure is
increasing fast. The time from having reached the desired pressure, until it has decreased
3 MPa, is in the order of 10 hours, which is seen in figure 9.16. However, it is likely that
this time changes with pressure, so that this time will be shorter at higher pressures.
Most of the measurements in the investigations in this project take from about 80 seconds
to about 1 hour (there are a few longer measurements which take about 2 and 10 hours).
For the short measurements, the pressure changes much less than 3 MPa, and log( fmax)
changes less than the values found in the investigations (unless the measurements are
done, when the pressure is increasing fast).
74
Investigation and improvement of the measuring equipment and discussion of problems
related to measurements
Figure 9.15 The 300 measurements from the investigation of the pressure stability. The measurements
are not exactly on top of each other. The two measurements which do not look like the others are
the two first measurements, where the pump was still building up the pressure. The measurements
are made with the liquid 5PPE, where the pressure is set to 100 MPa and the temperature is set to
295 K.
.
Figure 9.16 log( fmax) as a function of time.
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Figure 9.17 The maximum value of the negative imaginary dielectric spectrum decreases after
each measurement. The spectrum with the highest −ε′′max is the first measurement made, and the
spectrum with the lowest −ε′′max is the last measurement made and so on. Figure 9.18 shows how
−ε′′max decreases after each measurement. During the measurements the pressure was set to 300
MPa and the temperature was set to 250 K.
The pressure is measured right before and right after the measurement, so if the pres-
sure has decreased or increased during the measurements, it is seen on these pressure
measurements (maybe except at the long measurements of 10 hours).
9.3 Crystallization of the sample
During the measurements on the first sample of 1,2,6-HT, the sample was, as described in
section 8.2, regularly tested to see whether the sample was being mixed with the pressure
medium. During these tests, it was seen that the maximum value of the dielectric loss
(−ε′′max) decreased. This may be an indication of the fact that the liquid has started to
crystallize.
This crystallization is investigated further by doing 80 measurements at the same state
point with one hour interval. Each measurement takes about 80 seconds. Figure 9.17
shows the maximum value of the dielectric loss decreases during the measurements. More
clearly it is seen, when −ε′′max is plotted as a function of time in figure 9.18.
In connection with the purpose of this project, it is interesting whether the shape of the
relaxation spectrum changes if the sample crystallizes. In figure 9.17, it is seen that the
shape in fact changes, because the value of −ε′′max decreases more than the values of the
other points in the spectrum. It is therefore important that the sample does not crystallize,
because it is the shape of the relaxation spectrum, which is investigated in this project.
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Figure 9.18 −ε′′max decreases relative to the time.
10 Measurement Protocol and Data Selection
The purpose of the data treatment is to investigate whether different state points on the
same isochrone have the same shape of the negative imaginary dielectric relaxation spectra
as described in chapter 4.
The goal of the measurements is therefore, for each liquid to have several measurements
at different state points, but at the same isochrone, and to have this for several isochrones.
The measurements for the different liquids are for several reasons performed in different
ways. This chapter describes how the measurements for the different liquids are performed
and how the data are selected.
For all measurements the maximum, and thereby the relaxation time, is found by fitting a
second degree polynomial to the maximum of the peak in the loglog-plot of the negative
imaginary part of the dielectric relaxation spectrum. In this way, the coordinates of the
maximum, log( fmax) and log(−ε′′max), are found.
For 5PPE and DEP the measurements are performed at respectively 5 and 7 different
pressures. At each of these pressures, measurements are performed in the temperature
interval, where the α-relaxation is in the available frequency range. For 5PPE the measure-
ments are first performed at temperatures with intervals of 5 K. After this, some areas
in the measured frequency range are chosen, where measurements are performed with
intervals of 1 K. For DEP the measurements are performed at temperatures with intervals
of 1 K. After the measurements, the frequency of the maximum ( fmax) is found for all the
measurements. The logarithm of these frequencies are then compared, to see which state
points that almost have the same fmax, and therefore almost are on the same isochrone.
From these frequencies, where several state points almost are on an isochrone, several
frequencies are chosen for the further data treatment, so that the used frequency range
is as large as possible, and so that the isochrones are equally distributed on the interval.
Appendix B shows this selection. This results in 5 isochrones with 3 to 4 state points for
5PPE and 5 isochrones with 3 to 6 state points for DEP.
For 1,2,6-HT and glycerol the procedure is slightly different, which among other things is
because the first sample crystallized. At first, measurements are performed at 3 different
pressures in the temperature interval, where the α-relaxation is in the frequency range.
The measurements are performed at temperatures with intervals of 1 K. From these
measurements fmax is found and the logarithm of these are compared to see which state
points, that almost are on the same isochrone. Again several frequencies, and thereby
isochrones, are chosen, so that the frequency range is as large as possible, and so that the
isochrones are equally distributed on the interval. Appendix B shows this selection. From
this selection, it is estimated where measurements at other state points can be done, so
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that these are also near the isochrones. Measurements are then performed with a new
sample at all these state points, which are shown in Appendix B. This results, for 1,2,6-HT
in 3 isochrones with 5 to 6 state points, and for glycerol in 3 isochrones with 3 to 5 state
points.
For DBP and DC704 the data selection is done in the same way. By finding and comparing
log( fmax) for the available data and determine which state points, that almost are on the
same isochrone. Appendix B also shows this data selection. For both DC704 and DBP
this result in 3 isochrones with 3 state points.
All the measured data are presented in chapter 11, and the selected and used raw data
are shown in chapter 12.
11 Presentation of Data
This chapter presents the measured data in relation to this project. The data are presented
in the way that log( fmax) is plotted as a function of temperature for the different isobars.
The pressure may vary 3 MPa, due to the pressure stability. The pressures given below
are therefore the pressures, which is set on the pump.
The figures 11.1, 11.2, 11.3, and 11.4 present the data. For the selected and further used
data the raw data are presented in the next chapter.
Figure 11.1 log( fmax) as a function of temperature for all the measured data on 1,2,6-HT.
Measurements were also done at 300 MPa with the first sample, but due to crystallization this data
are not shown here.
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Figure 11.2 log( fmax) as a function of temperature for all the measured data on glycerol.
Measurements were also done at 300 and 400 MPa with the first sample, but due to crystallization
this data are not shown here.
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Figure 11.3 log( fmax) as a function of temperature for all the measured data on 5PPE.
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Figure 11.4 log( fmax) as a function of temperature for all the measured data on DEP.
12 Raw Data
This chapter shows the raw data of the selected and used measurements in the figures
12.1, 12.3, 12.5, 12.7, 12.9, and 12.11. In the figures, it is seen how close the different
measurements are on the same isochrone, by looking how close the maximum of the
spectra are on each other. It is also seen that for example the noise level and the measured
frequency range are different from liquid to liquid.
From the figures, it is clear that the noise and systematic errors are seen more clearly in
the measurements with 5PPE, than in the measurements with the other liquids. It is also
seen, that there is conductivity in the measurements with 1,2,6-HT, glycerol, and DEP.
For the liquids measured in relation to this project only 5PPE has measurements in all of
the available frequency range. This is due to the limitations of the measuring equipment.
For 1,2,6-HT, glycerol, and DEP the available measuring area is as illustrated in figure
7.2 in chapter 7. To make measurements in all the available frequency range with these
liquids, the temperature range or the pressure range of the measurement equipment has
to be larger. More precisely the available temperatures have to be lower or the available
pressures have to be higher.
The figures 12.2, 12.4, 12.6, 12.8, 12.10, and 12.12 show the used state points in a temperature-
pressure diagram.
The figures, presenting the raw data, show that the value of the size of the peak is different
from liquid to liquid. To see this more clearly, one relaxation spectrum from each liquid is
plotted together in figure 12.13. The relaxation spectra are also plotted in a loglin-plot in
figure 12.14. In this figure, it is clear that the height of the peak is large for some liquids
and small for other liquids.
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Figure 12.1 The raw data of 1,2,6-HT. The state points are close to being on three different
isochrones. The red spectra are measurements at the state points (from right to left) 99 MPa and
240.5 K, and 101 MPa and 235.6 K. The blue spectra are measurements at the state points (from right
to left) 150 MPa and 243.0 K, and at 150 MPa and 238.0 K. The green spectra are measurements at
the state points (from right to left) 199 MPa and 245.3 K, 198 MPa and 240.5 K, and 198 MPa and
235.6 K. The black spectra are measurements at the state points (from right to left) 248 MPa and
248.0 K, 250 MPa and 242.8 K, and 251 MPa and 237.9 K. The yellow spectra are measurements at
the state points (from right to left) 298 MPa and 250.5 K, 298 MPa and 245.3 K, and 301 MPa and
240.5 K. The cyan spectra are measurements at the state points (from right to left) 347 MPa and
248.5 K, and 351 MPa and 243.2 K. The magenta spectrum is a measurement at the state point 399
MPa and 245.3 K.
Figure 12.2 The used state points for 1,2,6-HT. The red stars illustrates state points with a log( fmax)
between 4.02 and 4.07, the blue stars illustrates state points with a log( fmax) between 3.52 and 3.65,
and the green stars illustrates state points with a log( fmax) between 2.95 and 3.05.
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Figure 12.3 The raw data of glycerol. The state points are close to being on three different
isochrones. The red spectra are measurements at the state points (from right to left) 100 MPa and
242.4 K, and 100 MPa and 237.5 K. The blue spectra are measurements at the state points (from right
to left) 151 MPa and 244.7 K, and 152 MPa and 240.0 K. The green spectra are measurements at the
state points (from right to left) 200 MPa and 246.3 K, 199 MPa and 241.4 K, and 198 MPa and 236.6
K. The black spectra are measurements at the state points (from right to left) 249 MPa and 248.6 K,
249 MPa and 243.5 K, and 249 MPa and 238.6 K. The yellow spectra are measurements at the state
points (from right to left) 298 MPa and 250.4 K, 300 MPa and 245.3 K, and 299 MPa and 240.4 K.
Figure 12.4 The used state points for glycerol. The red stars illustrates state points with a log( fmax)
between 4.94 and 4.96, the blue stars illustrates state points with a log( fmax) between 4.52 and 4.54,
and the green stars illustrates state points with a log( fmax) between 4.05 and 4.07.
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Figure 12.5 The raw data of 5PPE. The state points are close to being on five different isochrones.
The blue spectra are measurements at atmospheric pressure (around 0.1 MPa), at the temperatures
271.9 K, 267.1 K, 261.3 K, and 255.6 K. The red spectra are measurements at the state points (from
right to left) 97 MPa and 295.3 K, 99 MPa and 290.4 K, 100 MPa and 285.5 K, 101 MPa and 277.7 K,
and 99 MPa and 270.9 K. The green spectra are measurements at the state points (from right to
left) 199 MPa and 317.9 K, 198 MPa and 312.0 K, 197 MPa and 305.1 K, 199 MPa and 297.3 K, and
196 MPa and 290.5 K. The yellow spectra are measurements at the state points (from right to left)
301 MPa and 332.4 K, 298 MPa and 324.7 K, 301 MPa and 316.9 K, and 301 MPa and 309.0 K. The
magenta spectrum is a measurement at the state point 398 MPa and 325.6 K.
Figure 12.6 The used state points for 5PPE. The red stars illustrates state points with a log( fmax)
between 3.96 and 3.98, the blue stars illustrates state points with a log( fmax) between 3.05 and
3.09, the green stars illustrates state points with a log( fmax) between 1.72 and 1.98, the black stars
illustrates state points with a log( fmax) between 0.17 and 0.30, and the cyan stars illustrates state
points with a log( fmax) between -1.51 and -1.36.
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Figure 12.7 The raw data of DEP. The state points are close to being on five different isochrones.
The blue spectrum is a measurement at the state point 149 MPa and 237.3 K. The green spectra are
measurements at the state points (from right to left) 200 MPa and 245.4 K, and 200 MPa and 240.5
K. The black spectra are measurements at the state points (from right to left) 248 MPa and 251.3 K,
251 MPa and 246.3 K, and 248 MPa and 239.5 K. The yellow spectra are measurements at the state
points (from right to left) 298 MPa and 258.2 K, 299 MPa and 253.2 K, 299 MPa and 246.3 K, 300
MPa and 240.4 K, and 300 MPa and 236.4 K. The cyan spectra are measurements at the state points
(from right to left) 347 MPa and 263.9 K, 350 MPa and 259.1 K, 351 MPa and 252.2 K, 348 MPa and
245.2 K, and 347 MPa and 241.3 K. The magenta spectra are measurements at the state points (from
right to left) 398 MPa and 270.9 K, 401 MPa and 265.0 K, 400 MPa and 258.2 K, 400 MPa and 251.4
K, and 399 MPa and 247.5 K.
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Figure 12.8 The used state points for DEP. The red stars illustrates state points with a log( fmax)
between 4.85 and 4.93, the blue stars illustrates state points with a log( fmax) between 4.25 and
4.34, the green stars illustrates state points with a log( fmax) between 3.37 and 3.40, the black stars
illustrates state points with a log( fmax) between 2.36 and 2.43, and the cyan stars illustrates state
points with a log( fmax) between 1.66 and 1.70.
Figure 12.9 The raw data of DC704. The state points are close to being on three different isochrones.
The red spectra are measurements with the temperature 253 K, with the pressures 104.3 MPa, 132.0
MPa, and 144.5 MPa. The blue spectra are measurements with the temperature 263 K, with the
pressures 155.3 MPa, 178.7 MPa, and 192.4 MPa. The green spectra are measurements with the
temperature 283 K, with the pressures 255.9 MPa, 274.4 MPa, and 294.7 MPa.
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Figure 12.10 The used state points for DC704. The red stars illustrates state points with a log( fmax)
between 1.84 and 2.22, the blue stars illustrates state points with a log( fmax) between 0.90 and 1.11,
and the green stars illustrates state points with a log( fmax) between 0.21 and 0.33.
Figure 12.11 The raw data of DBP. The state points are close to being on three different isochrones.
The black spectra are measurements with the temperature 206 K, with the pressures 0 MPa and 85
MPa. The green spectra are measurements with the temperature 219.3 K, with the pressures 0 MPa,
108 MPa, and 200 MPa. The red spectra are measurements with the temperature 236.3 K, with
the pressures 153 MPa, 251 MPa, and 389 MPa. The blue spectrum is a measurement with the
temperature 253.9 K, with the pressure 320 MPa.
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Figure 12.12 The used state points for DBP. The red stars illustrates state points with a log( fmax)
between 5.21 and 5.43, the blue stars illustrates state points with a log( fmax) between 4.06 and 4.19,
and the green stars illustrates state points with a log( fmax) between 2.40 and 2.68.
Figure 12.13 One relaxation spectrum for each liquid plotted together. This shows how the size of
the dielectric spectrum varies from liquid to liquid.
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Figure 12.14 The same relaxation spectra as in figure 12.13, but in a loglin-plot to get a better
picture of the variance in the size of the dielectric spectrum.
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13 Data Treatment
This chapter describes and presents the data treatment. There are furthermore a motivation
for and a discussion of the used methods. These methods are selected for the purpose of
comparing the relaxation spectra in order to decide whether the liquids obey isochronal
superposition or not.
There are some things to consider in relation to comparing the relaxation spectra. These
will be discussed in section 13.1.
The other sections below develop different measures with the purpose of deciding whether
the liquids obey isochronal superposition. During the presentation of these measures,
these are also discussed in relation to their purpose.
In section 13.2, it is investigated whether the spectra on the isochrones are more comparable
than the spectra in general. If a liquid in fact obeys isochronal superposition, the spectra
on the isochrones must be at least as comparable as or more comparable than the spectra
in general. The half width at half depth is used to describe the relaxation spectra and it is
therefore defined and presented in this section.
A measure that describes whether a liquid obeys isochronal superposition is developed in
section 13.4. In section 13.5 ideas for other kinds of measures, including a measure of
TTPS, are described and discussed.
13.1 Considerations in relation to the data treatment
In this section, different things that may have an impact on the data treatment, are
discussed.
As already mentioned, the measurements are selected so that they are from state points
at almost the same isochrone. In the measures developed in the sections below, an
approximation, which is that the measurements are from the exact isochrones, is used. This
approximation is necessary when the measuring method is as stated, but the approximation
is considered to be small.
The dielectric strength has an impact in relation to the noise and systematic error in the
measurements and the reproducibility (i.e. how well two measurements at the same state
point are exactly the same). It can not be expected that a liquid obeys better isochronal
superposition than its reproducibility. The stability of the pressure and the temperature
also affects the reproducibility. The reproducibility is investigated further in section 13.3.1.
There is an uncertainty in the determination the maximum of the spectra, which is done
by fitting a second degree polynomial to a number of points around the peak. This is due
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to the fact that the measurements consist of discrete points and not continuous spectra. A
determination of the maximum is necessary, but this source of error is small. This can for
example be seen by changing the number of points around the maximum which are used
for the fitting. For one measurement log( fmax) changes 0.01 and log(ε′′max) changes 0.0002,
when the number of points around the maximum is changed from three to nine points.
Thus, this source of error is small and should not affect the data treatment.
A thing that may affect the shape of the spectra is β-relaxation. The used liquids are
chosen so that they only have low intensity or no β-relaxation. β-relaxation is however
not considered a problem in this project, even if the liquids have larger β-relaxation. In
this investigation, the β-relaxation is just treated as part of the relaxation spectra.
It also has an impact, where in the frequency range the α-relaxation is. Thus if the peak is
in the high frequency or low frequency range, all of the peak may not be shown. Some of
the liquids in this project are only measured in the high frequency range. Thus, for some
measurements the entire peak is not seen in the spectrum (see the figures in chapter 12).
All the measurements are treated the same in this data treatment, and this is therefore
not considered a problem.
One thing, which also have to be taken into account, is that the frequency range, where
the α-relaxation is, is larger for some liquids than for others. It results in the fact that
the distance between the chosen isochrones is larger for some liquids than for other.
Furthermore, the distance between the state points on one isochrone is different from
liquid to liquid. In the data treatment, an attempt is made to normalize the results to
account for this.
For some liquids conductivity shows up at low frequencies. This has impact on the spectra.
The conductivity is not considered a problem here, because the data treatment is chosen
so that the focus is on comparing the relaxation spectra around the maximum and on
the right side of the peak. This is partly due to the conductivity on the left side of the
peak, but also because the shape on the left side of the peak is characterized by slope one
[Nielsen 2009].
13.2 Isochronal Superposition vs.
Time-Temperature-Pressure-Superposition
In this section a qualitative idea of whether the liquids obey isochronal superposition better
than TTPS is presented. Furthermore, a more quantitative measure of this is developed.
13.2.1 Normalization of the Relaxation Spectra
A qualitative picture of whether the liquids obey isochronal superposition or not is
obtained by normalizing the dielectric relaxation spectra, such that they have the same
maximum, which is also what Roland et al. (2003) and Ngai et al. (2005) have done in
their data treatment with state points that almost are on the same isochrone. However, the
way it is done in this project is that all the used dielectric relaxation spectra for a liquid
are normalized, such that it is seen whether the liquids obey isochronal superposition
better than Time-Temperature-Pressure-Superposition (TTPS). This type of data treatment
is also used in Niss (2007).
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Figure 13.1 The normalized relaxation spectra for 1,2,6-HT. The three different colors show the
three isochrones. The figure to the right is a zoom of the peak. The red spectra are measurements
at state points with a log( fmax) between 4.02 and 4.07, the blue spectra are measurements at state
points with a log( fmax) between 3.52 and 3.65, and the green spectra are measurements at state
points with a log( fmax) between 2.95 and 3.05.
Below the normalization method is described.
As described in chapter 10 and chapter 12, state points are chosen so that they almost are
on the same isochrone, and therefore not necessarily exactly on the same isochrone. This
is due to practical reasons. Therefore relaxation spectra with almost the same relaxation
time are compared by normalizing the spectra.
To compare the shape of the relaxation spectra, these are normalized by fmax in the
horizontal direction to account for the fact that the measurements that has to be compared
do not have the exact same fmax. Furthermore, the spectra are normalized by −ε′′max in
the vertical direction due to the fact that the dielectric strength changes with pressure and
temperature [Roland et al. 2003]. This normalization is practically done by subtracting
log( fmax) from log( f ) and subtracting log(−ε′′max) from log(−ε′′). So when log( ε
′′
ε′′max
) is
plotted as a function of log( ffmax ) all the relaxation spectra have maximum in (0, 0) and
the shape can be compared.
For each liquid, all the used raw data are normalized, and plotted in the same figure (the
figures 13.1, 13.2, 13.3, 13.4, 13.5, and 13.6). Measurements that almost are on the same
isochrone have the same color. The figures thereby provide a qualitative picture of how
close the relaxation spectra on the same isochrone are to each other, as well as giving a
qualitative idea of whether the relaxation spectra are more equal on the isochrones than
in general.
From the figures, it is clear that 1,2,6-HT obeys isochronal superposition better than TTPS.
This is also the case for glycerol and DBP although more clearly with 1,2,6-HT. With 5PPE,
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Figure 13.2 The normalized relaxation spectra for glycerol. The three different colors show the
three isochrones. The figure to the right is a zoom of the peak. The red spectra are measurements
at state points with a log( fmax) between 4.84 and 4.96, the blue spectra are measurements at state
points with a log( fmax) between 4.41 and 4.54, and the green spectra are measurements at state
points with a log( fmax) between 3.93 and 4.07.
Figure 13.3 The normalized relaxation spectra for 5PPE. The five different colors show the five
isochrones. The figure to the right is a zoom of the peak. The red spectra are measurements at
state points with a log( fmax) between 3.96 and 3.98, the blue spectra are measurements at state
points with a log( fmax) between 3.05 and 3.09, the green spectra are measurements at state points
with a log( fmax) between 1.72 and 1.98, the black spectra are measurements at state points with a
log( fmax) between 0.17 and 0.30, and the yellow spectra are measurements at state points with a
log( fmax) between -1.51 and -1.36.
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Figure 13.4 The normalized relaxation spectra for DEP. The five different colors show the five
isochrones. The figure to the right is a zoom of the peak. The red spectra are measurements at
state points with a log( fmax) between 4.85 and 4.93, the blue spectra are measurements at state
points with a log( fmax) between 4.25 and 4.34, the green spectra are measurements at state points
with a log( fmax) between 3.37 and 3.40, the black spectra are measurements at state points with a
log( fmax) between 2.36 and 2.43, and the yellow spectra are measurements at state points with a
log( fmax) between 1.66 and 1.70.
Figure 13.5 The normalized relaxation spectra for DC704. The three different colors show the three
isochrones. The figure to the right is a zoom of the peak. The red spectra are measurements at
state points with a log( fmax) between 1.84 and 2.22, the blue spectra are measurements at state
points with a log( fmax) between 0.90 and 1.11, and the green spectra are measurements at state
points with a log( fmax) between 0.21 and 0.33.
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Figure 13.6 The normalized relaxation spectra for DBP. The three different colors show the three
isochrones. The figure to the right is a zoom of the peak. The red spectra are measurements at
state points with a log( fmax) between 5.21 and 5.43, the blue spectra are measurements at state
points with a log( fmax) between 4.06 and 4.19, and the green spectra are measurements at state
points with a log( fmax) between 2.40 and 2.68.
DEP, and DC704 it also seems like this is the case, but it is difficult to quantify.
It is difficult to decide whether the liquids obey isochronal superposition just by looking
at the spectra.
Below, a more quantitative measure of how much better the liquids obey isochronal
superposition than TTPS is developed. The half width at half depth is used for this
measure, and is thus described now. The half width at half depth is also used in the later
sections to develop a measure of isochronal superposition.
13.3 Half width at half depth
The half width at half depth (W1/2) is defined as the number of decades of frequency
from the frequency of the maximum of the negative imaginary relaxation spectrum
to the frequency where the maximum value is halved. That is W1/2 = log( f1/2/ fmax)
when ε′′( f1/2) = ε
′′
max/2 [Nielsen 2009]. Figure 13.7 provides an illustration of W1/2 in the
loglog-plot. W1/2 does however not depend on whether it is a loglog-plot or a loglin-plot.
Because the measurements consists of discrete points, W1/2 is found by interpolation.
To obtain the normalized half width at half depth (w1/2) the half width at half depth
(W1/2) is normalized to the half width at half depth of the Debye model WD/2 ≈ 0.57 (see
Appendix C). The normalized half width at half depth (w1/2) is thus [Nielsen 2009]:
w1/2 =
W1/2
WD/2
(13.1)
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Figure 13.7 An illustration of the half width at half depth W1/2.
By using w1/2 gives an idea of how close the shape of the relaxation spectrum is on the
Debye shape.
It should be pointed out that just because w1/2 is the same from relaxation spectra from
the same isochrone, this does not imply that the liquid obeys isochronal superposition,
because w1/2 only describes one point at the spectra. But if the liquid obeys isochronal
superposition w1/2 have to be the same from relaxation spectra from one isochrone. In
section 13.4.1, it is discussed whether w1/2 may be used to describe the spectra and thus
to decide whether a liquid obeys isochronal superposition.
To find w1/2, a certain frequency range of the right side of the peak has to be available in
the measurements. From the data on DBP three of the measurements can not be used,
because the measured frequency range at the right side of the peak is too small. Therefore
these three measurements are not used in the further data treatment.
Figure 13.8 shows w1/2 plotted against fmax for the six different liquids. If in fact the liquids
obey isochronal superposition, w1/2 should only depend on fmax, because the relaxation
spectra from state points with the same fmax should have the same w1/2. If the liquids
furthermore obey TTPS, the points should form a horizontal straight line, because w1/2 is
independent of fmax.
In figure 13.8, it is seen that the values of w1/2 for 1,2,6-HT, glycerol and DBP are closer
on the isochrones than in general. This is consistent with the qualitative picture from
section 13.2.1. For DC704 and DEP the values of w1/2 are on a relatively stable level for
all the measurements. This may indicate that these liquids not only obey isochronal
superposition but also TTPS. For 5PPE the values of w1/2 are also on a relatively stable
level for almost all the measurements, but it is clear that some of the values of w1/2 are
closer on the isochrones than in general.
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Figure 13.8 w1/2 as a function of fmax for the different liquids.
Later in this chapter, it is investigated whether these w1/2-values may describe whether the
liquids obey isochronal superposition. First, it is investigated how reproducibility affects
w1/2.
13.3.1 Reproducibility of w1/2
As described in the beginning of this chapter, it is important to take reproducibility into
account. Two measurements are performed at each state point to ensure that the liquid is
in equilibrium, as described in section 8.6. Only one of these measurements is used further,
provided that the measurements are almost the same. For instance noise may do that the
measurements are not always precisely the same, but is used anyway. To study how w1/2
is affected, an investigation is made where the two measurements made at the same state
point are used (this means that the pressure set at the pump and the temperature set in
the thermal bath are the same for the two measurements). This investigation can only be
made with the liquids measured in relation to this project.
The investigation is made with measurements at three state points for the four liquids
5PPE, 1,2,6-HT, DEP, and glycerol. The three state points are chosen so that they are from
different isochrones. For each liquid, the two measurements at each of these three state
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Figure 13.9 Measurements for 5PPE at three state points. The green spectra are the one used in the
project, while the red spectra are the other measurements at these state points.
Figure 13.10 Measurements for glycerol at three state points. The green spectra are the one used in
the project, while the red spectra are the other measurements at these state points.
points are compared. As an example, the measurements are shown for 5PPE and glycerol
in the figures 13.9 and 13.10, where the green spectra are the measurements used in the
project, and the red spectra are the other measurements at these state points. It is seen,
that the two relaxation spectra from the same state point are almost the same. It is also
seen, that the noise and the systematic error are more clear with 5PPE, which has a small
dielectric strength, than with glycerol, which has a large dielectric strength.
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Figure 13.11 The deviation between w1/2 of the two measurements at the same state point,
|w1/2,1−w1/2,2|
w1/2,1
, as a function of fmax.
It is investigated whether the values of w1/2 from the two measurements at the same state
point are different. Not only the reproducibility, but also the uncertainties in relation to
finding w1/2 can affect the value of w1/2. Figure 13.11 shows the deviation between the
two values:
|w1/2,1 − w1/2,2|
w1/2,1
(13.2)
From this investigation, it is seen that the percentage deviation is in the order of 0.01-0.3
%.
The actual temperatures and pressures during the measurements are now studied to
see whether any pressure or temperature differences affect this reproducibility. Only
for one pair of the measurements, is there a pressure difference. This is for glycerol,
where the pressure difference between the two measurements is 1 MPa. In figure 13.11
this corresponds to the highest cyan star. It does however not change the fact that the
percentage deviation is in the order of 0.01-0.3 %.
This deviation is very small and this can not explain the deviation in the w1/2-values in
figure 13.8.
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However, the investigated reproducibility is just one kind of reproducibility. To investigate
other kinds of reproducibility measurements may be compared to measurements with a
new sample or measurements made with another measuring equipment.
13.3.2 Dispersion in the values of w1/2
In this section, it is investigated how much better the liquids obey isochronal superposition
than TTPS.
By using an empirical standard deviation, the dispersion in the values of w1/2 is found.
The empirical standard deviation used is [Weiss 2012]:
s =
√
1
n− 1
n
∑
i=1
(xi − x¯)2 (13.3)
where n is the number of values and x¯ is the average of these values. By use of this
empirical standard deviation a dispersion in the w1/2-values on the different isochrones
and in general is calculated for each liquid. The dispersion in the w1/2-values is shown in
the table below:
s 1,2,6-HT Glycerol 5PPE DEP DC704 DBP
Isochrone 1 0.030 0.017 0.018 0.013 0.017 0.0091
Isochrone 2 0.038 0.016 0.015 0.0070 0.0019 0.013
Isochrone 3 0.037 0.018 0.017 0.0061 0.0045
Isochrone 4 0.016 0.0083
Isochrone 5 0.056 0.0039
All data 0.074 0.030 0.043 0.013 0.010 0.024
It may however not give the right impression, if these dispersion values for the different
liquids are just compared. This is due to the fact that there are a different number of state
points on each isochrone, the distances between the state points on the isochrones are
different from liquid to liquid, and the distances between the isochrones are different from
liquid to liquid. This is due to the different measuring strategies, but also the measuring
equipment, because all the liquids are not measured in all the available frequency range.
It is therefore important, when comparing these dispersion values, that they are normalized
to account for these differences. However, I have not found a good normalization method
yet.
The dispersion values are on the other hand used to investigate how much better the
liquids obey isochronal superposition than TTPS.
For each liquid, this is done by taking the average of the dispersion on the isochrones
and divide by the dispersion in general. This measure is called d:
d =
s¯isochrone
sgeneral
(13.4)
where s¯ denotes the average. In this case, the normalization is not necessary.
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This provides a measure that shows how much more alike w1/2 is on the isochrones than
in general.
The smaller d is (below 1), the more alike are the w1/2-values on the isochrones relative to
the w1/2-values in general. This may indicate how much better a liquid obeys isochronal
superposition relative to TTPS. If the measure is 1 the dispersion of the w1/2-values are the
same on the isochrones as in general. This may indicate that the liquid obeys isochronal
superposition and TTPS equally well (or equally bad). The table below shows the measure
d for the liquids. The liquid with the smallest measure is presented first and so on.
Liquid d
DBP 0.46
1,2,6-HT 0.47
Glycerol 0.57
5PPE 0.57
DEP 0.59
DC704 0.78
This measure does not show any clear differences between the van der Waal liquids and
the liquids with hydrogen bonds, but it is clear that the w1/2-values are more alike on the
isochrones than in general for all the liquids.
However, there are different problems with this measure. First of all, this measure requires
measurements and thereby w1/2-values, from at least two isochrones for each liquid. If
measurements are only made at one isochrone the measure will be 1 no matter what, and
it does not say anything about whether the liquid obeys isochronal superposition better
than TTPS.
Another problem is, that the measure breaks down, if the w1/2-values are exactly the same
for all measurements. In that case, the dispersion in general becomes zero, and because it
is not possible to divide by zero, the measure breaks down.
The measure does not say anything about to which degree the liquids obey isochronal
superposition, because a liquid with a measure close to 1 may obey isochronal superposi-
tion better than a liquid with a measure much lower than 1, due to TTPS. However, the
measure gives an estimation of how much better the liquids obey isochronal superposition
than TTPS.
13.4 Isochronal Superposition Measure
In this section a measure of isochronal superposition is developed. This measure is based
on w1/2. It is inspired by the Time-Temperature-Superposition measure developed in
Nielsen (2009).
First, it is investigated whether w1/2 has a systematic behavior on the isochrones. To do
this, w1/2 is plotted as a function of temperature for each isochrone in figure 13.12. If
the liquids in fact obey isochronal superposition the slope of these curves must be zero,
because w1/2 from state points on the same isochrone must be the same, if a liquid obey
isochronal superposition. Later in this section, this slope is used to develop a measure of
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isochronal superposition. If the liquids furthermore obey TTPS, the curves for each liquid
should be on top of each other.
In figure 13.12, it is seen that especially 1,2,6-HT and glycerol have a tendency to get
wider spectra, when the temperature increases on each isochrone. Furthermore, the
spectra also have a tendency to get wider, when log( fmax) becomes smaller, and thus when
the relaxation time becomes larger. For DBP, it also seems like the spectra gets slightly
wider, when the temperature increases on the isochrone (but not as much as 1,2,6-HT
and glycerol), and wider when log( fmax) becomes smaller. It is however difficult to say
anything precise about the behavior, because DBP is only represented with two isochrones.
For 5PPE, w1/2 is relatively stable for most isochrones and without systematic behavior,
when the temperature changes on the isochrone. There is no systematic in the behavior of
w1/2 when log( fmax) changes. For DEP and DC704, it is difficult to see anything precise in
this figure, but it is clear that for each of these liquids, the curves are closer to each other,
relative to the other liquids. It is therefore clear, that w1/2 of these liquids does not change
much with temperature on the isochrones. Figure 13.13 and figure 13.14 show w1/2 as a
function of temperature for these liquids individually, to see if there is any systematic
behavior.
In figure 13.13 and 13.14, it is seen that there is no systematic behavior in how w1/2 changes
when log( fmax) changes for DC704 and DEP.
Now a measure of to which degree a liquid obeys isochronal superposition is developed,
where the slopes of the curves in figure 13.12 are used. This measure accounts for the
differences in the data for the liquids, and it is thus a normalized measure. This measure
is based on the differences in w1/2 between the spectra.
In this measure, it is used that the used state points on one isochrone are neighbors to
each other. Figure 13.15 illustrates this. If the state points are neighbors to each other, so
are respectively the temperatures and the pressures at these state points (see figure 13.15).
In this measure the difference between w1/2 from two neighbor state points on one isochrone
is used. That is:
∆w1/2,j = |w1/2,j − w1/2,j+1| (13.5)
where w1/2,j is w1/2 for the state point with the temperature Tj and pressure Pj, and w1/2,j+1
is w1/2 for the state point with the temperature Tj+1 and pressure Pj+1, where Tj and Tj+1
are neighbor temperatures, and Pj and Pj+1 are neighbor pressures. The two state points
are thus neighbors on the isochrone.
Because this measure is based on the differences in w1/2 between two neighbor state points,
there will always be one less measure than the number of state points. If there for example
are five state points, it will result in four measures.
To account for the fact that there are differences in the distance between the state points on
the isochrones, a normalized measure (Mj) is developed. It is however not straightforward
to find a good normalization method to account for the distance in the temperature-
pressure diagram. One possible normalization method is to use the change in temperature
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Figure 13.12 w1/2 as a function of temperature for each isochrone. The blue curves are for 1,2,6-HT,
where the stars are from the isochrone with a log( fmax) between 4.02 and 4.07, the rings are from
the isochrone with a log( fmax) between 3.52 and 3.65, and the squares are from the isochrone with
a log( fmax) between 2.95 and 3.05. The cyan curves are for glycerol, where the stars are from
the isochrone with a log( fmax) between 4.94 and 4.96, the rings are from the isochrone with a
log( fmax) between 4.52 and 4.54, and the squares are from the isochrone with a log( fmax) between
4.05 and 4.07. The red curves are for 5PPE, where the stars are from the isochrone with a log( fmax)
between 3.96 and 3.98, the rings are from the isochrone with a log( fmax) between 3.05 and 3.09, the
squares are from the isochrone with a log( fmax) between 1.72 and 1.98, the triangles are from the
isochrone with a log( fmax) between 0.17 and 0.30, and the crosses are from the isochrone with
a log( fmax) between -1.51 and -1.36. The black curves are for DEP, where the stars are from the
isochrone with a log( fmax) between 4.85 and 4.93, the rings are from the isochrone with a log( fmax)
between 4.25 and 4.34, the squares are from the isochrone with a log( fmax) between 3.37 and 3.40,
the triangles are from the isochrone with a log( fmax) between 2.36 and 2.43, and the crosses are
from the isochrone with a log( fmax) between 1.66 and 1.70. The green curves are for DC704, where
the stars are from the isochrone with a log( fmax) between 1.84 and 2.22, the rings are from the
isochrone with a log( fmax) between 0.90 and 1.11, and the squares are from the isochrone with a
log( fmax) between 0.21 and 0.33. The magenta curves are for DBP, where the stars are from the
isochrone with a log( fmax) between 4.06 and 4.19, and the rings are from the isochrone with a
log( fmax) between 2.40 and 2.68.
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Figure 13.13 w1/2 as a function of temperature for each isochrone for DEP. The stars are from the
isochrone with a log( fmax) between 4.85 and 4.93, the rings are from the isochrone with a log( fmax)
between 4.25 and 4.34, the squares are from the isochrone with a log( fmax) between 3.37 and 3.40,
the triangles are from the isochrone with a log( fmax) between 2.36 and 2.43, and the crosses are
from the isochrone with a log( fmax) between 1.66 and 1.70.
Figure 13.14 w1/2 as a function of temperature for each isochrone for DC704. The stars are from the
isochrone with a log( fmax) between 1.84 and 2.22, the rings are from the isochrone with a log( fmax)
between 0.90 and 1.11, and the squares are from the isochrone with a log( fmax) between 0.21 and
0.33.
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Figure 13.15 An illustration of used state points on an isochrone. These state points are neighbors
to each other. State points which are neighbors to each other, also have neighbor temperatures and
neighbor pressures.
between the two state points. The measure may then be defined in the following way,
and is found for each isochrone:
Mj =
( dw1/2
dlog(T)
)
τ
(13.6)
Here the relative change in temperature is used to normalize the measure. The logarithm
used, is the logarithm with base 10. This is not an ideal normalization method, because
the distance between the state points on an isochrone in the temperature-pressure diagram
is not proportional to the temperature difference between the state points. But in lack of
better normalization method the temperature is used.
One could also consider using the pressure for normalization. There are however some
concerns about using the relative change of pressure to normalize the measure. Partly
because the pressure can be negative and in that case, it makes no sense to talk about
relative changes. Even though the used pressures not are negative, it is still a problem,
when the pressure becomes close to zero and thus very small, as for example atmospheric
pressure. When the pressure is close to zero, small changes in pressure will result in a
large normalization constant and this does not give the desired effect for normalization.
Density may be used for normalization instead. The density at the different state points
can be found by measuring the volume. These measurements are not available for all the
liquids, and the density can thus not be used here. Thus, only the temperature is used for
normalization in this investigation.
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Because the state points are discontinuous, the measure will be calculated in the following
way:
Mj =
(
∆w1/2,j
∆log(Tj)
)
τ
(13.7)
where ∆w1/2,j is defined in equation 13.5 and ∆log(Tj) is defined as:
∆log(Tj) = |log(Tj)− log(Tj+1)| (13.8)
The measure is thus calculated as follows:
Mj =
( |w1/2,j − w1/2,j+1|
|log(Tj)− log(Tj+1)|
)
τ
(13.9)
The measure Mj is actually the slopes of the curves in figure 13.12, and as described these
slopes should be zero, if the liquid obeys isochronal superposition. Thus the lower the
measure Mj is, the more the liquids obey isochronal superposition.
Figure 13.16 shows the measure Mj as a function of fmax,j for the different isochrones and
liquids. When plotted in this way, it is also possible to see the measured frequency range
for the different liquids and thus take this into account. It is also possible to see, if the
liquids only obey isochronal superposition for some relaxation times.
In figure 13.16, it is seen that glycerol and 1,2,6-HT for all the measurements have higher
Mj than the other liquids (for 5PPE, Mj is however high for a few measurements).
From the measure Mj, it is seen that the values of w1/2 generally are closer to each other
on the isochrones for the used van der Waal liquids, than for the used hydrogen bonded
liquids.
I estimate that the liquids obey isochronal superposition if the majority of the logarithm
to the measures (log(Mj)) for a liquid are below zero. This value is chosen somewhat
randomly, and it is not straightforward to choose such a limit. Even though the measures
(Mj) theoretically should be zero, if the liquids in fact obey isochronal superposition, a
limit is necessary, due to for example the stability of the equipment, noise, and systematic
errors. When log(Mj) is zero, this is equal to the fact that the value of w1/2 changes 1,
when log(T) changes 1 on the isochrones. log(T) does maximal change about 0.03 between
the state points on the isochrones as seen on figure 13.12. This means that w1/2 when the
limit of log(Mj) is chosen to be zero, also may change 0.03 in this temperature interval.
This corresponds to the fact that w1/2 changes about 2 %. This is more than the 0.3 %,
which was found as the deviation between w1/2 from to measurements made at the same
state point in section 13.3.1. I estimate that the limit should be higher than 0.3 % due to for
example other kinds of stability. For example, if the pressure has not been stable during
the measurements, and the shape of the relaxation thus is not perfect. Furthermore, the
measurements are chosen so that they are almost on the same isochrones, but not exactly
on the same isochrones, which also should have impact on the limit. Additionally, it is
seen in figure 13.12 that log(T) does minimum change about 0.004, which also means
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Figure 13.16 log(Mj) as a function of log( fmax,j) for the different liquids.
that w1/2 may change about 0.004, when the limit for log(Mj) is chosen to be 0. The
corresponds to the fact that w1/2 changes about 0.2-0.3 %, which is in the same order as
the reproducibility.
Thus, I estimate that the used van der Waal liquids obey isochronal superposition. Even
though some measurements of 5PPE have Mj larger than zero, I still estimate that 5PPE
obey isochronal superposition. This is due to the fact that these measurements of 5PPE
have noise around the peak, which may affect the value of w1/2. This is seen, in the
measure developed in the section below, where these measurements can not be used
because of this noise.
There is no clear difference in the measure Mj for glycerol and 1,2,6-HT. Thus, from this
measure, it can not be concluded whether the concentration of hydrogen bonds has an
influence on the measure and thus on the degree of obeying isochronal superposition.
It should however be pointed out, that this investigation is only based on one point of the
spectra, and it can thus not be concluded, that the liquids obey isochronal superposition
just because the values of w1/2 are the same.
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This measure can however be extended to the area deviation between the spectra instead
of just the difference between the w1/2-values. Below, this measure is developed and found
for the liquids. This gives a more precise measure of isochronal superposition, but it
can also, in relation to the measure Mj, be used to discuss whether w1/2 may be used
to conclude whether the liquids obey isochronal superposition. This is discussed in the
section below.
13.4.1 Measure for Isochronal Superposition based on the area deviation
between the spectra
The normalized measure is now extended so that it is based on the area deviation between
the spectra from the neighbor state points instead of the difference between the w1/2-values.
This should give a more accurate comparison of the spectra, because it considers more
than one point in the spectra. The measure is based on the TTS-measure in Nielsen (2009).
The area deviation is the area deviation between the normalized spectra. The normalized
quantities are now called ε˜ = ε′′
ε′′max
and f˜ = ffmax . The smaller the area deviation is, the
more alike are the spectra. The area deviation is calculated as the sum of the difference in
the values log(ε˜ j) and log(ε˜ j+1) at m frequencies in the normalized spectra, where ε˜ j and
ε˜ j+1 are from two neighbor state points. ε˜ is found by interpolation. The area deviation is
thus calculated in the following way:
7
∑
i=1
|log(ε˜ j+1(log( f˜i)))− log(ε˜ j(log( f˜i)))| (13.10)
where log( f˜i) in this investigation is chosen to be -0.4, -0.2, 0.2, 0.4, 0.6, 0.8, and 1. This
measure focuses thus on the peak and on the right side of the peak. log( f˜i) equal 0 is not
included, because the difference in log(ε˜(0)) between two measurements should be zero.
This measure can be extended to cover a larger part of the peak, which will give a more
precise measure. But because many of the measurements in this project do not contain
the entire peak, the above frequency range is used here. The used log( f˜i) and log(ε˜ j( f˜i))
are illustrated in figure 13.17.
The area deviation measure also needs normalization. The normalization method used
here is the same as for the measure Mj. Thus, the measure Aj is calculated in the following
way:
Aj =
(
∑7i=1 |log(ε˜ j+1(log( f˜i)))− log(ε˜ j(log( f˜i)))|
|log(Tj)− log(Tj+1)|
)
τ
(13.11)
In figure 13.18, the measure Aj is seen as a function of fmax. Due to noise, some of the
measurements of 5PPE are not used in this measure.
One could also choose a limit in relation to the measure Aj for when the liquids obey
isochronal superposition. However, it is important to notice that such a limit will change
if a larger part of the peak is used in the measure.
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Figure 13.17 An illustration of log( f˜i) and log(ε˜ j( f˜i)).
By comparing figure 13.18 with figure 13.16 it is seen, that the measure based on w1/2
gives the same impression of which liquids that obey isochronal superposition more than
others, as the measure based on the area deviation. Thus, in this investigation w1/2 may
be used to conclude whether the liquids obey isochronal superposition.
However, this might not always be the case. As described, many of the liquids are only
measured in the high frequency range and some of the peak is thus not seen. The measure
Aj can therefore only be made with some of the peak. It is maybe not always the case
that w1/2 alone can be used to describe the relaxation spectra, for example if the liquids
have larger β-relaxation, than the liquids in this project.
Nielsen et al. (2010) describe that another parameter αmin together with w1/2 can be used to
describe the changes in the shape of the right side of the peak in the dielectric relaxation
spectra. Thus, it will be better to have both αmin and w1/2 for the spectra. However, these
two parameters may not describe the changes caused by β-relaxation.
The slope of the dielectric relaxation spectrum is defined as [Nielsen et al. 2009]:
α =
dlog(−ε′′)
dlog( f ) (13.12)
Because the data consists of discrete points, the slope is calculated as:
α =
∆log(−ε′′)
∆log( f ) (13.13)
The minimum slope is found as the minimum of these values. At the left side of the peak
the slope is positive, at the top of the peak the slope is zero, and at the right side of the
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Figure 13.18 log(Aj) as a function of log( fmax,j) for the different liquids.
peak the slope is negative. The minimum slope is thus on the right side of the peak.
Nielsen et al. (2010) mention that w1/2 seems to be less sensitive to temperature and
pressure changes than αmin. The measure Mj can however easily be applied to the changes
in αmin in the following way (the measure is called Nj):
Nj =
(
|αmin,j − αmin,j+1|
|log(Tj)− log(Tj+1)|
)
τ
(13.14)
Due to the frequency range, it is not possible to find αmin for many of the measurements
in this investigation. Therefore, αmin is not used here.
Below, other types of measures of isochronal superposition and TTPS are discussed. These
measures can be made with both w1/2 and αmin.
13.5 Ideas for measures of isochronal superposition and TTPS
This section discusses ideas of measures of both isochronal superposition and TTPS.
These measures do not necessarily require that the measurements are performed at the
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Figure 13.19 w1/2 as a function of log( fmax) for all the measurements in this project.
isochrones, but they require measurements in a large part of the pressure-temperature
diagram. These measures are based on the half width at half depth w1/2. The measures
can also be made with the minimum slope αmin.
These measures are based on the picture that occurs when w1/2 is plotted against log( fmax).
Figure 13.19 shows this for all the measurements in this project, except measurements with
noise around w1/2 and measurements where w1/2 is not in the spectrum. For glycerol and
1,2,6-HT only the measurements at the isochrones are used, because the sample may have
crystallized at the other measurements. The measurements in this project are not made for
this kind of measure, and measurements which fill out the whole pressure-temperature
diagram will be ideal.
If the liquids in fact obey isochronal superposition, w1/2 should only depend on fmax and
the points should then be on one curve when w1/2 is plotted against fmax. If the liquids
furthermore obey TTPS, w1/2 should be independent on fmax and thereby constant. When
w1/2 is plotted against fmax, this should result in a constant straight line.
The vertical width of the curve formed, when w1/2 is plotted against fmax, may describe
to which degree the liquid obeys isochronal superposition. The smaller the width of
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Figure 13.20 An illustration of the idea for a measure of isochronal superposition and TTPS. The
vertical width (green) of the points may describe whether the liquid obeys isochronal superposition,
while the slope of the points (the slope of the red dashed curve) may describe whether the liquid
obeys TTPS. It should however be pointed out, that the points do not necessarily form a straight
line.
the curve is, the more the liquid obeys isochronal superposition. If the liquid in fact
obeys isochronal superposition, the slope of the curve may describe to which degree the
liquid obeys TTPS (remember that the liquid only obeys TTPS, if it also obeys isochronal
superposition). It should be pointed out, that the points do not have to form a straight
line. However, the closer the slope of this curve is to zero, the more the liquids obey
TTPS (and in this case, it has to form a straight line). An illustration of this idea is seen
in figure 13.20.
In figure 13.19, it is seen that the slopes of 1,2,6-HT and glycerol seem to be larger than
for the other liquids. DBP also seems to have some slope, but this is less than 1,2,6-HT
and glycerol. DC704 and DEP seem to have slopes close to zero. 5PPE also seems to
have a slope close to zero in the low frequency part, but it has some slope in the high
frequency part.
Below different methods to determine the width and the slope of the curve, formed when
w1/2 is plotted against fmax, are discussed.
One way to get a measure of the slope is to estimate the best linear function to describe
the curve. As described the curves do not have to be straight, but as it is seen in figure
13.19 the points are close to form straight lines for the used liquids. Instead of one linear
function, it is also possible to use piecewise linear functions. However, here only one
linear function is fitted to the points of each liquid. These linear fitting functions are
found using the fact that the linear fitting function is y = a · x + b where [Samuels &
Witmer 2003]:
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Figure 13.21 w1/2 as a function of log( fmax). The linear lines show the linear fitting functions.
a = ∑
(xi − x¯)(yi − y¯)
∑(xi − x¯)2 (13.15)
and
b = y¯− a · x¯ (13.16)
where xi are the log( fmax)-values and yi are the w1/2-values. x¯ and y¯ represent the average.
In figure 13.21 these linear fitting functions are seen together with the points for each
liquid.
Even though the points do not necessarily form straight lines, this estimation gives a
feeling of the slope. The table below provides the absolute values of the slopes, where
the first liquid is the one with the largest slope and so on:
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Liquid Slope
1,2,6-HT 0.2
Glycerol 0.07
DBP 0.04
5PPE 0.02
DC704 0.01
DEP 0.004
In this table, it is clear that the slopes of the hydrogen bonded liquids are larger than the
slopes of the van der Waal liquids, which indicates that the used van der Waal liquids
obey TTPS better than the used hydrogen bonded liquids. It is furthermore seen that the
slopes of DC704 and DEP are close to zero. This is what was expected by looking at the
curves.
To describe the width of the curve, and thus how well the liquids obey isochronal
superposition, several statistical methods are studied.
It is among other things investigated whether the correlation coefficient might be used to
describe how well the points form one curve. The correlation coefficient is determined in
the following way1 [Samuels & Witmer 2003]:
R = ∑
(xi − x¯)(yi − y¯)√
∑(xi − x¯)2 ∑(yi − y¯)2
(13.17)
The correlation coefficient describes how well the points form a linear curve, and thus
whether there is a linear correlation between the two variables. But as described before
the points do not have to form a linear curve, and this is thus not an ideal measure.
Because the points do not have to be correlated (i.e. form a linear curve), it is investigated
whether the points are associated i.e. whether the two variables are depending on each
other. To do this, Spearman’s rank coefficient may be used. This coefficient is the same as
the linear correlation coefficient, but instead of calculating with the values of the variables,
the calculation is made with the ranks of the variables [Weiss 2012].
However, both the correlation coefficient and Spearman’s rank coefficient only applies to
monotone functions (i.e. functions which are either increasing or decreasing). This means
that these coefficients break down for constant functions, where the slope is zero, which
some of the liquids almost have. The description of how well the points form a curve have
to consider constant functions, because liquids that obey TTPS will have slope equal zero.
Thus, these kinds of statistical measures break down, when there is no association between
the variables, which is the case when one of the variables is constant and thus independent
on the other variable. These coefficients can thus not be used.
In lack of a better method, it is investigated whether the residuals (ri) for the fitted linear
functions may describe whether the liquids obey isochronal superposition. The residuals
are defined in the following way [Samuels & Witmer 2003]:
1 The correlation coefficient is also the one, which is used in relation to determine whether the liquids are
strongly correlating in chapter 5.
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ri = yi − ŷi where ŷi = a · xi + b (13.18)
The average of the squared residuals (r¯2i ) for each liquid are seen in the following table:
Liquid r¯2i
5PPE 0.002
1,2,6-HT 0.001
DBP 0.001
Glycerol 0.0003
DEP 0.0002
DC704 0.0001
There are however several problems with this measure. First of all, the points do not have
to form a straight curve, which is considered in this measure. For example the points
of 5PPE do not seem to form a perfect straight line. Furthermore, the measure is not
normalized to account for the fact, that some of the liquids are measured in a larger part
of the pressure-temperature diagram and so on. In figure 13.12, it is for example seen that
1,2,6-HT has a systematic behavior on the isochrones. Thus, if measurements are made at
more state points on the isochrones, it will probably result in larger residuals. Therefore,
this measure does not give the right impression, and can not be used.
Thus, the measures for isochronal superposition discussed in this section can not be used.
However, it is still interesting to investigate whether there are other methods to describe
the width of the points with normalization, and thus develop a measure for isochronal
superposition based on the curve formed when w1/2 is plotted against fmax.
14 Discussion
This discussion consists of three parts. The three parts are: The measuring equipment,
the measures for isochronal superposition and the results of these, and how the results
relate to the isomorph theory.
14.1 Measuring Equipment and Measuring Method
The measuring equipment is investigated and discussed in chapter 9. Here it is discussed,
whether the measuring equipment makes precise enough measurements to investigate
isochronal superposition. It is furthermore discussed how the equipment and the measur-
ing method may be improved to make better measurements in relation to this kind of
investigation.
As described the measuring method has been different for the different liquids. Due to
the time span of this thesis, I started the measurements from the first day, where I was not
sure what I wanted from the measurements. The measuring methods of 5PPE and DEP
are similar and the measuring methods of glycerol and 1,2,6-HT are similar. I think that
the measuring method used for glycerol and 1,2,6-HT is best, if a measure for isochronal
superposition is used, where the state points should be on the same isochrone (for example
the measures Mj and Aj). This is seen on the figures in chapter 12, where it is clear that
the state points are closer on the same isochrones for glycerol and 1,2,6-HT, than for 5PPE
and DEP. However, it will be nice to have measurements at more isochrones and at more
state points on these isochrones. If instead a measure for isochronal superposition is used,
where measurements from many state points in the temperature-pressure diagram are
required, the measuring method of 5PPE and DEP is the best (ideas for such a measure
are described in section 13.5). It will however be good to have even more measurements.
One thing that can be improved is the measuring area for the liquids. In this project, it is
only the liquid 5PPE, which is measured in the whole frequency range, which is due to
the pressure and temperature ranges of the equipment. To get a larger measuring area,
the thermal liquid in the thermal bath has to be changed, such that the temperature range
is extended with lower temperatures. Of course the pressure range also has an influence.
The highest pressure used for the measurements is 400 MPa, even though the equipment
permits pressures up to 600 MPa. This is due to leaks in the pressure vessel. The highest
pressure has been used before without problems, and it was primarily due to the limited
time period of this thesis, that I did not work on sealing the pressure vessel to make
measurements at higher pressures. However, if the highest pressure used had been 600
MPa, the liquids would probably not have been measured in all of the frequency range
anyway, because their response to pressure is small. So I conclude that the temperature
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range must be changed, if the liquids must be measured in the whole frequency range.
Another way to get a larger measuring area is to choose other liquids, which, like 5PPE, can
be measured in the whole frequency range with the available temperature and pressure
ranges. However, one goal for the measuring equipment must be to measure as many
different liquids as possible in the whole frequency range.
It is also important to get nicer spectra by reducing the noise and the systematic errors in
the measurements. During the project, the wires have been improved to withstand the
pressure, but the new wires result in leakage currents and thus systematic errors. One of
the first things that have to be improved, before new measurements with this equipment
are made, is therefore the wires. Then it will also be possible to test, whether the new
dummy load has reduced the noise in the low frequency range.
Leakage currents can be included in the calibration, which is described in Gundermann
(2012). However, if the leakage current only occurs at high pressures, this is not straight-
forward. As described in chapter 9, it is instead possible to convert the data and thus
take this leakage current into account.
To see whether the measurements from this equipment are precise, measurements on
5PPE at atmospheric pressure are compared to measurements on 5PPE at atmospheric
pressure made at one of the usual setups at Roskilde University. These measurements
are from Niss & Jakobsen (2003) and are found in the data repository on Glass & Time’s
homepage1. The reason for choosing 5PPE for this comparison is partly that 5PPE is the
measured liquid with most noise and error due to the low dielectric strength. 5PPE is
also the only liquid, which is measured at atmospheric pressure on the high pressure
equipment. Because most dielectric measurements are performed at atmospheric pressure,
it is easiest to find other dielectric measurements at atmospheric pressure to compare
with.
One measurement for each of the equipments are compared. This is seen in figure 14.1.
In figure 14.1, it is seen that the spectra are not precisely the same. Noise and systematic
errors occur in the spectrum from the high pressure equipment. The spectrum from the
high pressure equipment is also slightly wider than the other spectrum. This may be
due to the fact that the liquid 5PPE has maybe not been exactly the same in the two
measurements. However, it can also be due to the fact that some of the pressure medium
has been mixed with the sample in the high pressure setup. If that is the case, the sample
liquid has however not changed during the measurements, because the relaxation spectra
for the same state points have not changed during the measurements. This means that
the liquid has been the same in all the measurements. Thus, it has not any influence on
this investigation, when the liquid has been the same in all used measurements. It have
an influence on w1/2, because w1/2 is larger when the peak is wider which they probably
are for all measurements from the high pressure setup in relation to the measurements
from the usual setup. However, when all the spectra are wider, it should not have any
influence when the w1/2-values for the same sample are compared. However, it has an
influence, if the w1/2-values for the measurements from the two sets of measurements are
1 http://glass.ruc.dk/data
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Figure 14.1 Measurements on 5PPE made at two different equipments, but almost at the same
temperature at atmospheric pressure. The blue spectrum is from the high pressure equipment at
the temperature 255.6 K, and the red spectrum is from one of the standard setups at Roskilde
University at the temperature 256 K. The spectra are normalized to compare the shape.
compared.
To investigate the measurements further, log( fmax) is plotted as a function of temperature
for all the measurements. This is shown in figure 14.2. In the figure, it is seen that the
behavior of fmax as a function of temperature is the same for the measurements from the
two equipments.
Even though the two measurements of 5PPE are not exactly the same, the behavior of
fmax as a function of temperature is the same. Thus, I conclude that the measurements
from the high pressure setup are precise, but with more noise than in the usual setups. It
is clear, that the measured liquids should not have too low dielectric strength due to the
noise.
14.2 Isochronal Superposition Measure and the Results
In chapter 13, several measures are developed. I do not think that these measures are
perfect, which is primarily due to the normalization, but they are usable.
I think that the measures Aj and Mj, which respectively are based on the area deviation
and the difference in w1/2 between the spectra from neighbor state points can be used
as measures of isochronal superposition even though the normalization method is not
ideal. Furthermore, the slope of the curve formed when w1/2 is plotted against log( fmax)
indicates how well the liquids obey TTPS. The dispersion measure d indicates how much
better the liquids obey isochronal superposition than TTPS. The measures are discussed
in the data treatment during the presentation of these. The results of these measures are
discussed below.
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Figure 14.2 log( fmax) as a function of temperature for 5PPE at atmospheric pressure. The blue stars
are from the measurements made at the high pressure setup, while the red stars are measurements
from one of the usual setups at Roskilde University.
From the measures Mj and Aj it is seen, that the studied van der Waal liquids obey
isochronal superposition better than the studied hydrogen bonded liquids. I furthermore
estimate that the studied van der Waal liquids in fact obey isochronal superposition.
The slopes in the ( fmax,w1/2)-plot indicates that the van der Waal liquids used in the
investigation obey TTPS better than the hydrogen bonded liquids used in this project.
These slopes also indicate, that the two van der Waal liquids, DC704 and DEP, obey TTPS.
Even though the investigated hydrogen bonded liquids obey neither isochronal super-
position nor TTPS, it is clear from the dispersion measure d, that they obey isochronal
superposition better than TTPS. For DEP and especially DC704, this measure is closer to 1
than for the other liquids, which furthermore indicates that these liquids obey TTPS.
Thus, my investigation indicates that van der Waal liquids obey isochronal superposition
and that some of them furthermore obey TTPS. My investigation also indicates that
hydrogen bonded liquids neither obey TTPS nor isochronal superposition. In my inves-
tigation only four van der Waal liquids and two hydrogen bonded liquids are studied.
It is important to investigate more liquids to conclude that van der Waal liquids in gen-
eral obey isochronal superposition and that hydrogen bonded liquids in general do not
obey isochronal superposition. Below other investigations, which concerns high pressure
dielectric measurements, are discussed in relation to isochronal superposition.
Nielsen et al. (2010) investigate dielectric spectra for liquids measured at different pressures.
They use w1/2 as part of their investigation. Figure 14.3 shows w1/2 as a function of fmax for
nine different liquids. The liquids are measured at different pressures along isotherms. The
liquids BMMPC (1,1-bis-(p-methoxyphenyl)-cyclohexane), DisoBP (Di-iso-butyl phthalate),
and DPG (di-propylene-glycol) are only measured along one isotherm and are thus not
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Figure 14.3 w1/2 as a function of fmax for nine different liquids. The liquids are measured at
different pressures along isotherms. The liquid DHIQ is not shown in this figure. The data on
DC704 is the same as used in this project [Nielsen et al. 2010].
that interesting for this investigation, because it can not be seen whether these liquids
obey isochronal superposition. The data on the liquids CBP (chlorinated biphenyl),
EPON828 (diglycidyl-ether of bisphenol-A), PC (propylene-carbonate), TPG (tri-propylene-
glycol), DC704, and PDE (phenolphthalein-dimethylether) are relevant for this isochronal
superposition investigation. The data on DC704 is the same as used in this project.
The figure indicates that PC, PDE, and CBP obey isochronal superposition because w1/2
seems to be the same for the same fmax. EPON828 obey isochronal superposition in at least
some of the area. It is furthermore seen, that TPG does not obey isochronal superposition.
These indications, of whether the liquids obey isochronal superposition, are only based
on the ( fmax,w1/2)-plot and thus not on the measures developed in this project.
It can be seen that the points of CBP, EPON828, PC, TPG, and PDE all have absolute slope
larger than zero and therefore they do not obey TTPS.
From the molecular structure, it is seen that PC, PDE, CBP, and EPON828 are van der
Waal liquids. TPG is a hydrogen bonded liquid. Thus, these results are in accordance
with the results of my investigation.
Furthermore, the results from Roland et al. (2003)’s investigation, which has been men-
tioned before, show that the α-relaxation and the β-relaxation do not follow each other on
the isochrone for four hydrogen bonded liquids, which means that these hydrogen bonded
liquids do not obey isochronal superposition. One of these hydrogen bonded liquids is
glycerol, which is also investigated in this project. This indicates, that the measuring area
for the used measuring equipment is not large enough, because the β-relaxation is not
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seen in the measurements made in relation to this project. Roland et al. (2003) also show
that the α-relaxation and the β-relaxation follow each other on the isochrones for three
van der Waal liquids. This may indicate, that they obey isochronal superposition, but it
can not be concluded without further study.
All the above investigations indicate that van der Waal liquids obey isochronal superposi-
tion and that some of them also obey TTPS. They also indicate that hydrogen bonded
liquids neither obey TTPS nor isochronal superposition. Below, it is discussed how these
results relate to the isomorph theory.
14.3 The Isomorph Theory
In this section, it is first discussed how the reduced units will affect the measures. After
this, it is discussed how the results from the data treatment relates to the isomorph theory,
and whether my results follow the prediction from the isomorph theory.
14.3.1 Reduced Units
As described in chapter 5, isochronal superposition is a prediction for van der Waal
liquids, when the relaxation time and the frequency are quoted in reduced units. The
relaxation time in reduced units can be found and used, but this requires measurements
of the density at the state points and since they are not available for all the measured
liquids, this is not done.
As an approximation, the isomorph theory predicts isochronal superposition for strongly
correlating liquids with the actual units. It is now discussed where the reduced units
have influence and how big this approximation is.
In the data selection the measurements are selected, so that they almost have the same
actual relaxation time and thus almost are on the same isochrone. Thus, it is an ap-
proximation that the measurements actually are from exactly the same isochrones. This
approximation has nothing to do with the isomorph theory, but this is due to the measuring
methods.
The difference between using the actual relaxation time and the relaxation time quoted
in reduced units is very small as described in chapter 5. Thus, the isomorphs are
approximately the isochrones. This is a small approximation in relation to the fact that the
measurements are not made at state points on the exact isochrones, but are considered
to be on the same isochrones, which is the approximation described above. Thus, when
the measurements are not made precisely on the isochrones, it makes no sense to talk
about the use of actual relaxation times as an approximation, and thus whether the
measurements are made precisely on the isomorphs.
The reduced units also have impact on the frequency axis. The reduced units do that
a constant, depending on temperature and density, is multiplied to the frequency axis.
Because it is the logarithm to the frequency axis which is used, this is equivalent to adding
a constant to the log( f )-axis. Thus, the only impact the reduced units have is to move the
relaxation spectrum along the log( f )-axis. The reduced units do therefore not change the
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shape of the relaxation spectrum the log( f )-axis is used.
Furthermore, when the spectra are normalized (as for example in section 13.2.1 and section
13.4.1) the reduced units are normalized out, and it has thus no impact whether the
reduced units are used or not. The reduced units have nor impact on the half width at
half depth (w1/2), because the reduced units only move the spectrum and do not change it.
Thus the only approximation, in relation to the reduced units, is that the isochrones are
isomorphs. But as described this is a very small approximation.
14.3.2 The Prediction from the Isomorph Theory
In this section, it is discussed whether the results in the data treatment are consistent with
the isomorph theory. The isomorph theory predicts that strongly correlating liquids obey
isochronal superposition. Van der Waal liquids are expected to be strongly correlating.
Furthermore, it has been shown that the van der Waal liquid DC704 is actually strongly
correlating.
My investigation indicates that van der Waal liquids obey isochronal superposition better
than the hydrogen bonded liquids. I furthermore estimate that the studied van der Waal
liquids in fact obey isochronal superposition. The results in Nielsen et al. (2010) and
Roland et al. (2003) are consistent with the results of my investigation.
It is thus shown, that the investigated van der Waal liquids, which are expected to be
strongly correlating, obey isochronal superposition. However, to conclude this in general,
more liquids have to be investigated.
My investigation furthermore indicates that some of the van der Waal liquids not only
obey isochronal superposition but also TTPS which is not a prediction from the isomorph
theory. It is thus interesting whether the theory may predict this.
In relation to some of the liquids obeying TTPS, it is also interesting to investigate, whether
there is a pattern in the types of liquids obeying Time-Temperature-Superposition (TTS).
The reason for this is, that if a liquid both obeys isochronal superposition and TTS, it
must also obey TTPS. Furthermore, it is easy to find investigations involving TTS, because
these investigations can be made with measurements at atmospheric pressure. It can thus
be investigated whether there is a special kind of van der Waal liquids that obey TTS and
thus probably also TTPS.
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15 Conclusion
The purpose of this thesis is to investigate whether it can be seen experimentally, whether
different types of liquids obey isochronal superposition. The purpose is furthermore to
see whether the results are in accordance with the isomorph theory, which predicts that
van der Waal liquids obey isochronal superposition.
From investigations of the measuring equipment and the results of the data treatment, it
is concluded that it is possible to investigate isochronal superposition experimentally with
this equipment. However, to get better results, the equipment must be improved to make
nicer measurements by reducing the noise and systematic errors and more measurements.
Measures to decide the degree to which the liquids obey isochronal superposition, Time-
Temperature-Pressure-Superposition (TTPS) and isochronal superposition in relation to
TTPS are developed. These measures are usable, but it is especially important to develop
better normalization methods in order to make better measures.
It is concluded that the studied van der Waal liquids obey isochronal superposition as well
as TTPS better than the studied hydrogen bonded liquids. From the investigation in this
project, as well as results form other investigations, it is estimated that hydrogen bonded
liquids neither obey isochronal superposition nor TTPS. It is furthermore estimated that
the van der Waal liquids obey isochronal superposition, and that some of them also obey
TTPS. However, investigations of more liquids are required before concluding anything
generally about the different types of liquids.
These results are in accordance with the isomorph theory, because the studied van der
Waal liquids, which are expected to be strongly correlating, obey isochronal superposition.
The isomorph theory does not predict whether the liquids furthermore obey TTPS, but
from the investigation, it is estimated that some of them obey also obey TTPS.
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17 Appendix A: Calculation in Electrical
Circuits
This chapter describes the used calculation method. The chapter is written with inspiration
from Christensen (2012b) which concerns impedance. The calculations in this project are
made by use of complex capacitances which are explained below.
For a capacitor, the relationship between the capacitance (C), the voltage (V) and the
charge (Q) is:
Q = C ·V (17.1)
For a resistor, the relationship between the resistance (R), the voltage and the charge is:
V = R · dQ
dt
(17.2)
When the voltage is harmonically varying, it can be written as V(t) = V0cos(ωt+ ϕV),
where V0 is the amplitude, ω is the frequency of the oscillation, and ϕV is the phase.
The charge will then also be harmonically varying, and it can be written as Q(t) =
Q0cos(ωt+ ϕQ), where Q0 is the amplitude, ω is the frequency of the oscillation and ϕQ
is the phase. The difference between the phases (ϕV − ϕQ) is called the phase difference
∆ϕ.
The charge Q(t) for a capacitor is found in the following way:
Q(t) = C ·V0cos(ωt+ ϕV) = Q0cos(ωt+ ϕQ) (17.3)
where Q0 = CV0 and ϕQ = ϕV . There is thus no phase difference between Q(t) and V(t).
The voltage V(t) over a resistor is found in the following way:
V(t) = R
d(Q0cos(ωt+ ϕQ))
dt
= −ωRQ0sin(ωt+ ϕQ) = ωRQ0cos(ωt+ ϕQ + pi2 )⇔
(17.4)
V(t) = V0cos(ωt+ ϕV) (17.5)
where V0 = ωRQ0 and ϕV = ϕQ + pi2 . The phase difference is thus
pi
2 .
The phase difference is included in the calculations in a simple way by using complex
numbers to describe these harmonic functions. This is done in the following way by using
that cosine is the real part of the complex exponential function1:
1 eix = cos(x) + isin(x)
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V(t) = V0cos(ωt+ ϕV) = Re(V0eiωt+ϕV ) = Re(V˜eiωt) (17.6)
where the complex amplitude V˜ is defined from the real amplitude V0 and the phase ϕV :
V˜ = V0eiϕV (17.7)
The same is done for the charge, and thus:
Q(t) = Q0cos(ωt+ ϕQ) = Re(Q0eiωt+ϕQ) = Re(Q˜eiωt) (17.8)
where
Q˜ = Q0eiϕQ (17.9)
When dealing with complex capacitances there is the following relationship between the
complex voltage, the complex charge and the complex capacitance:
Q˜ = C˜ · V˜ (17.10)
The complex capacitance of a resistor with resistance R is defined to be 1iωR . Inserting
this in equation 17.10 gives:
Q˜ =
1
iωR
· V˜ ⇔ (17.11)
Q˜ =
1
ωR
e−ipi/2 · V˜ (17.12)
By using equations 17.7 and 17.9:
Q0eiϕQ =
1
ωR
e−ipi/2 ·V0eiϕV ⇔ (17.13)
ωRQ0eiϕQ = V0ei(ϕV−
pi/2) (17.14)
where V0 = ωRQ0 and ϕV = ϕQ + pi2 , which is the same as found by the other calculation
method (equation 17.2).
The complex capacitance of a capacitor with capacitance C is just C, because there are no
phase difference between the voltage and the charge.
The calculation with complex capacitances in series or in parallel is done in the same way
as for capacitors. This means that complex capacitances in parallel is added, while for
complex capacitances in series, it is the reciprocal of the complex capacitances, which is
added.
When calculating in the electrical circuits, it is assumed that the voltage and the charge are
complex, even though this is not really the case. But it is possible to make this assumption,
because all the equations are linear and the coefficients are real.
18 Appendix B: Data Selection
This appendix shows the selection of the measurements. For the liquids measured in
connection with this project (1,2,6-HT, glycerol, 5PPE, and DEP) the pressures in the tables
below are the ones set on the pump. Due to the stability of the pump, this may however
vary 3 MPa.
1,2,6-HT
The measurements with the first sample of 1,2,6-HT are done at three pressures, and with
temperature intervals of 1 K. In the table below the values of log( fmax) are compared to
decide which state points, that approximately are on the same isochrone. The number
in parentheses is the temperature in K. For the measurements done at 300 MPa, the
sample has started to crystallize, but the measurements are still used to estimate where
measurements with a new sample can be made.
Three isochrones are chosen to estimate where new measurements can be made. These
are seen as the ones being italic. The reason for the fact, that the chosen isochrones are
not distributed over the entire measured frequency range, is that the entire peak is not
seen in measurements with higher fmax.
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100 MPa 200 MPa 300 MPa
6.21 (280.5)
6.14 (279.5)
6.06 (278.5)
6.00 (277.5)
5.96 (276.6)
5.90 (270.7) 5.90 (275.6)
5.84 (269.7) 5.85 (274.6)
5.78 (268.7) 5.79 (273.7)
5.72 (267.7) 5.74 (272.7)
5.67 (266.8) 5.68 (271.7)
5.63 (261.0) 5.61 (265.8) 5.63 (270.7)
5.58 (260.1) 5.54 (264.8) 5.57 (269.7)
5.51 (259.1) 5.48 (263.8) 5.50 (268.8)
5.44 (258.2) 5.42 (262.9) 5.44 (267.8)
5.38 (257.2) 5.36 (261.9) 5.38 (266.9)
5.32 (256.2) 5.30 (261.0) 5.32 (265.9)
5.24 (255.2) 5.22 (260.1) 5.24 (265.0)
5.17 (254.2) 5.16 (259.1) 5.18 (264.0)
5.10 (253.2) 5.09 (258.2) 5.11 (263.1)
5.04 (252.3) 5.02 (257.2) 5.05 (262.1)
4.97 (251.3) 4.95 (256.2) 4.98 (261.2)
4.89 (250.3) 4.87 (255.2) 4.90 (260.2)
4.82 (249.4) 4.80 (254.3) 4.83 (259.3)
4.74 (248.4) 4.72 (253.3) 4.76 (258.3)
4.65 (247.4) 4.65 (252.3) 4.69 (257.3)
4.57 (246.3) 4.56 (251.4) 4.60 (256.4)
4.48 (245.2) 4.49 (250.5) 4.52 (255.4)
4.40 (244.3) 4.41 (249.5) 4.43 (254.4)
4.31 (243.2) 4.33 (248.5) 4.35 (253.4)
4.20 (242.2) 4.22 (247.5) 4.27 (252.5)
4.12 (241.3) 4.12 (246.4) 4.19 (251.5)
4.04 (240.3) 4.03 (245.3) 4.08 (250.5)
3.95 (239.2) 3.94 (244.4) 4.00 (249.6)
3.91 (248.6)
3.84 (238.3) 3.84 (243.3) 3.80 (247.5)
3.74 (237.4) 3.72 (242.3) 3.70 (246.4)
3.63 (236.2) 3.63 (241.4)
3.54 (235.4) 3.54 (240.4) 3.58 (245.4)
3.44 (239.4) 3.47 (244.4)
3.33 (238.4) 3.36 (243.4)
3.19 (237.3) 3.25 (242.3)
3.06 (236.2) 3.15 (241.4)
2.97 (235.5) 3.05 (240.5)
2.91 (239.5)
2.78 (238.4)
2.65 (237.4)
2.48 (236.3)
2.36 (235.6)
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From the three chosen isochrones, it is estimated where other state points on these
isochrones are. New measurements are then performed at these state points with a new
sample. These are seen in the following table, from which all the measurements are used
in the further data treatment.
100 MPa 150 MPa 200 MPa 250 MPa 300 MPa 350 MPa 400 MPa
4.05 (240.5) 4.03 (243.0) 4.02 (245.3) 4.06 (248.0) 4.07 (250.5)
3.53 (235.6) 3.54 (238.0) 3.54 (240.5) 3.52 (242.8) 3.56 (245.3) 3.65 (248.5)
2.96 (235.6) 2.95 (237.9) 2.99 (240.5) 3.04 (243.2) 3.05 (245.3)
Glycerol
The measurements with the first sample of glycerol are done at three pressures and with
temperature intervals of 1 K. In the table below the values of log( fmax) are compared to
decide which state points, that approximately are on the same isochrone. The number in
parentheses is the temperature in K. For the measurements done at 300 and 400 MPa, the
sample has started to crystallize, but the measurements are still used to estimate where
measurements with a new sample can be made.
Three isochrones are chosen to estimate where new measurements can be made. These
are seen as the ones being italic.
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200 MPa 300 MPa 400 MPa
5.97 (265.2)
5.90 (264.2)
5.85 (263.3)
5.79 (262.3)
5.73 (261.4)
5.67 (260.4)
5.59 (258.1) 5.60 (259.4)
5.52 (257.2) 5.54 (258.4)
5.45 (256.2) 5.46 (257.4)
5.36 (255.2) 5.38 (256.4)
5.29 (254.2) 5.31 (255.4)
5.22 (253.2) 5.23 (254.4)
5.14 (248.8) 5.14 (252.3) 5.15 (253.4)
5.07 (247.7) 5.06 (251.3) 5.07 (252.4)
4.98 (246.6) 4.99 (250.4) 5.00 (251.5)
4.90 (245.5) 4.92 (249.4) 4.91 (250.5)
4.81 (244.5) 4.84 (248.5) 4.83 (249.5)
4.71 (243.5) 4.74 (247.5) 4.76 (248.6)
4.63 (242.5) 4.65 (246.3) 4.66 (247.6)
4.55 (241.6) 4.56 (245.3) 4.56 (246.4)
4.47 (240.7) 4.46 (244.3) 4.47 (245.4)
4.39 (239.7) 4.37 (243.3) 4.37 (244.4)
4.28 (238.6) 4.29 (242.4) 4.28 (243.4)
4.18 (237.6) 4.20 (241.4) 4.18 (242.5)
4.08 (236.6) 4.10 (240.5) 4.08 (241.5)
4.01 (239.6) 4.00 (240.5)
3.96 (235.5) 3.91 (238.5) 3.90 (239.6)
3.80 (237.5) 3.78 (238.5)
3.69 (236.6) 3.67 (237.5)
3.56 (235.4) 3.57 (236.5)
3.41 (235.3)
From the three chosen isochrones, it is estimated where other state points on these
isochrones are. New measurements are then performed at these state points with a new
sample. These are seen in the following table, from which all the measurements, except
the measurements made at 350 MPa, are used in the further data treatment.
100 MPa 150 MPa 200 MPa 250 MPa 300 MPa 350 MPa
4.94 (242.4) 4.95 (244.7) 4.94 (246.3) 4.96 (248.6) 4.96 (250.4) 4.84 (250.8)
4.52 (237.5) 4.54 (240.0) 4.52 (241.4) 4.52 (243.5) 4.53 (245.3) 4.41 (245.8)
4.05 (236.6) 4.07 (238.6) 4.06 (240.4) 3.93 (241.0)
139
5PPE
The measurements with 5PPE are done at five pressures. First with temperature intervals
of 5 K, and then with temperature intervals of 1 K in chosen temperature areas. In
the table below the values of log( fmax) are compared to decide which state points, that
approximately are on the same isochrone. The number in parentheses is the temperature
in K. After this five isochrones are chosen for the further analysis. These are seen as the
ones being italic.
0.1 MPa 100 MPa 200 MPa 300 MPa 400 MPa
5.55 (332.1)
5.23 (305.1) 5.34 (329.5)
4.79 (324.7)
4.63 (275.8) 4.56 (300.2) 4.51 (321.8)
4.48 (274.8) 4.45 (299.2)
4.32 (273.9) 4.33 (298.2) 4.30 (320.8)
4.16 (272.9) 4.21 (297.3) 4.19 (319.8)
4.09 (296.3) 4.07 (318.8)
3.98 (271.9) 3.96 (295.3) 3.96 (317.9)
3.80 (271.0) 3.83 (316.9)
3.63 (270.0) 3.63 (294.3) 3.60 (315.9)
3.44 (269.0) 3.49 (293.3) 3.46 (314.9)
3.34 (292.3) 3.33 (314.0)
3.25 (268.1) 3.20 (291.4) 3.19 (313.0)
3.05 (267.1) 3.05 (290.4) 3.06 (312.0) 3.09 (332.4)
2.84 (266.2) 2.91 (289.4) 2.97 (331.4)
2.83 (330.4)
2.73 (288.4) 2.78 (311.0) 2.72 (329.5)
2.64 (265.2) 2.59 (287.4) 2.63 (310.0)
2.44 (264.3) 2.47 (328.5)
2.40 (327.5)
1.72 (261.3) 1.91 (285.5) 1.81 (305.1) 1.82 (324.7)
1.02 (280.6) 0.74 (300.2) 1.00 (320.0)
0.56 (256.7) 0.42 (278.6) 0.35 (298.2) 0.56 (317.9)
0.30 (255.6) 0.21 (277.7) 0.17 (297.3) 0.26 (316.9)
0.02 (254.6) 0.00 (276.7) 0.10 (315.9) 0.06 (332.2)
-0.07 (314.9)
-0.18 (275.8) -0.17 (296.3) -0.23 (314.0) -0.17 (331.4)
-0.34 (274.7) -0.39 (295.3) -0.34 (330.4)
-0.55 (294.4) -0.58 (313.0) -0.54 (329.5)
-0.76 (273.8) -0.74 (293.3) -0.75 (312.0)
-0.94 (272.8) -0.93 (311.0) -0.92 (328.5)
-1.11 (292.3) -1.11 (310.0) -1.12 (327.5)
-1.32 (291.3) -1.29 (326.5)
-1.51 (270.9) -1.36 (290.5) -1.48 (309.0) -1.43 (325.6)
-1.76 (324.6)
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DEP
The measurements with DEP are done at seven pressures, with temperature intervals
of 1 K. In the table below the values of log( fmax) are compared to decide which state
points, that approximately are on the same isochrone. The number in parentheses is the
temperature in K. After this five isochrones are chosen for the further analysis. These are
seen as the ones being italic.
100 MPa 150 MPa 200 MPa 250 MPa 300 MPa 350 MPa 400 MPa
6.04 (241.4)
5.93 (240.4)
5.87 (239.5)
5.79 (238.4)
5.71 (237.4) 5.71 (245.3)
5.63 (236.5) 5.64 (244.2)
5.47 (235.4) 5.50 (243.3)
5.41 (242.3)
5.33 (241.3) 5.29 (248.7)
5.24 (240.4)
5.09 (239.4) 5.13 (247.6) 5.05 (253.2)
4.99 (238.4) 5.03 (246.4) 4.97 (252.2)
4.88 (237.3) 4.93 (245.4) 4.89 (251.3) 4.88 (258.2) 4.85 (263.9) 4.91 (270.9)
4.78 (236.4) 4.83 (244.4) 4.75 (257.2) 4.80 (270.0)
4.66 (243.4) 4.74 (250.4) 4.65 (256.2) 4.72 (262.9) 4.68 (269.0)
4.59 (235.3) 4.55 (242.3) 4.64 (249.4) 4.56 (255.2) 4.63 (262.0) 4.59 (267.9)
4.55 (248.5)
4.54 (261.0) 4.50 (266.9)
4.44 (241.4) 4.44 (247.5) 4.41 (254.2) 4.39 (260.1) 4.40 (265.9)
4.34 (240.5) 4.26 (246.3) 4.31 (253.2) 4.30 (259.1) 4.25 (265.0)
4.23 (239.4) 4.21 (252.3) 4.20 (258.2) 4.15 (264.0)
4.14 (245.3) 4.05 (251.4) 4.09 (257.2) 4.05 (263.0)
4.04 (238.4) 4.02 (244.3) 3.94 (250.4) 3.89 (262.0)
3.92 (237.4) 3.91 (243.3) 3.92 (256.2)
3.78 (236.4) 3.83 (249.4) 3.81 (255.2) 3.79 (261.1)
3.72 (242.3) 3.66 (248.5) 3.70 (254.2) 3.68 (260.1)
3.64 (235.4) 3.61 (241.4) 3.58 (253.2) 3.58 (259.2)
3.49 (240.5) 3.53 (247.4)
3.37 (239.5) 3.40 (246.3) 3.39 (252.2) 3.40 (258.2)
The rest of the table is on next side.
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100 MPa 150 MPa 200 MPa 250 MPa 300 MPa 350 MPa 400 MPa
3.27 (251.3) 3.28 (257.2)
3.16 (238.5) 3.20 (245.3) 3.15 (250.4) 3.16 (256.3)
3.06 (244.3)
3.01 (237.4) 3.02 (249.4) 2.97 (255.3)
2.88 (236.5) 2.93 (243.3)
2.78 (242.2) 2.81 (248.4) 2.84 (254.3)
2.67 (247.4)
2.70 (235.4) 2.71 (253.3)
2.58 (241.3) 2.59 (252.3)
2.52 (245.0)
2.43 (240.4) 2.36 (245.2) 2.37 (251.4)
2.28 (239.4)
2.24 (250.5)
2.13 (238.4) 2.12 (244.2) 2.10 (249.5)
1.97 (243.2)
1.87 (237.4) 1.87 (248.5)
1.81 (242.2)
1.69 (236.4) 1.66 (241.3) 1.70 (247.5)
1.53 (235.5) 1.52 (246.4)
1.43 (240.4) 1.35 (245.3)
1.27 (239.5)
1.09 (238.5) 1.10 (244.3)
0.93 (243.3)
0.82 (237.4)
0.74 (242.3)
0.63 (236.5)
0.50 (241.4)
0.40 (235.4)
0.33 (240.4)
0.16 (239.5)
-0.12 (238.4)
-0.34 (237.4)
-0.62 (236.5)
-0.86 (235.4)
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DC704
The measurements on DC704 are made in a slightly different way, than the measurements
in this project. These measurements are made at three temperatures and at different
pressures at these temperatures. The data is used as received. In the table below the
values of log( fmax) are compared to decide which state points, that approximately are on
the same isochrone. After this three isochrones are chosen for the further analysis. These
are seen as the ones being italic.
253K 263K 283K
5.53 (39.4 MPa)
5.13 (49.8 MPa)
4.93 (53.9 MPa)
4.53 (62.8 MPa)
3.98 (74.0 MPa)
3.47 (84.1 MPa)
2.94 (94.5 MPa) 2.74 (133.3 MPa)
1.89 (104.3 MPa) 2.22 (155.3 MPa) 1.84 (255.9 MPa)
1.32 (124.5 MPa) 1.38 (269.1 MPa)
0.90 (132.0 MPa) 1.05 (178.7 MPa) 1.11 (274.4 MPa)
0.70 (284.1 MPa)
0.21 (144.5 MPa) 0.33 (192.4 MPa) 0.23 (294.7 MPa)
-0.19 (304.1 MPa)
-0.37 (154.7 MPa) -0.42 (206.2 MPa)
-0.72 (160.4 MPa)
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DBP
The measurements on DBP are also made in a slightly different way than the measure-
ments in this project. These measurements are made at four constant temperatures, and
at different pressures at these temperatures, and at one constant pressure at different
temperatures at this pressure. The data is used as received. In the table below the values
of log( fmax) are compared to decide which state points, that approximately are on the
same isochrone. After this three isochrones are chosen for the further analysis. These are
seen as the ones being italic.
0 Mpa 206 K 219.3 K 236.3 K 253.9 K
5.93 (220 MPa)
5.73 (222.2 K) 5.72 (107 MPa)
5.52 (219.7 K)
5.43 (0 MPa) 5.25 (153 MPa) 5.21 (320 MPa)
5.08 (214.6 K)
4.89 (212.7 K) 4.86 (350 MPa)
4.68 (210.8 K) 4.72 (204 MPa)
4.46 (208.9 K)
4.06 (0 MPa) 4.16 (108 MPa) 4.19 (251 MPa)
3.50 (150 MPa) 3.57 (302 MPa)
3.14 (339 MPa)
2.61 (85 MPa) 2.68 (200 MPa) 2.40 (389 MPa)
2.32 (230 MPa)
2.08 (109 MPa)
2.04 (109 MPa)
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19 Appendix C: Debye model
This appendix derives two different values for the Debye model. It is shown that for the
negative imaginary part of the capacitance of the Debye model ωmax = 1RC3 and that the
half width at half depth for the Debye model (WD/2) is approximately 0.57.
Both are found using the imaginary part of the capacitance for the Debye model which is
found in section 3.4:
C˜′′ = − ωRC
2
3
(ωRC3)2 + 1
(19.1)
It is the negative imaginary part of the capacitance which is used in this chapter:
−C˜′′ = ωRC
2
3
(ωRC3)2 + 1
(19.2)
The frequency at the maximum: ωmax = 1RC3
To find the frequency at the maximum of the negative imaginary part of the capacitance
of the Debye model, this is differentiated:
d(−C˜′′)
dω
=
d
(
ωRC23
(ωRC3)2+1
)
dω
=
RC23 · ((ωRC3)2 + 1)−ωRC23 · 2ωR2C23
((ωRC3)2 + 1)2
= (19.3)
ω2R3C43 + RC
2
3 − 2ω2R3C43
((ωRC3)2 + 1)2
=
RC23 −ω2R3C43
((ωRC3)2 + 1)2
(19.4)
To find the maximum frequency d(−C˜
′′)
dω = 0:
RC23 −ω2R3C43
((ωRC3)2 + 1)2
= 0⇔ (19.5)
RC23 −ω2R3C43 = 0⇔ (19.6)
1−ω2R2C23 = 0⇔ (19.7)
ω2R2C23 = 1⇔ (19.8)
ω2 =
1
R2C23
⇔ (19.9)
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ω = ± 1
RC3
(19.10)
Only the positive solution is physically relevant. It is thus shown that ωmax = 1RC3 .
The half width at half depth for the Debye model: WD/2 ≈ 0.57
To find the half width at half depth for the Debye model, the frequency where the negative
imaginary part of the capacitance equals −C
′′
max
2 has to be found.
At the maximum ωmax = 1RC3 . This means that the negative imaginary part of the
capacitance at the maximum is:
−C˜′′max =
1
RC3
RC23
( 1RC3 RC3)
2 + 1
=
C3
2
(19.11)
The half of this maximum capacitance is thus:
−C˜′′max
2
=
C3
4
(19.12)
The frequency where the negative imaginary part of the capacitance equals C34 is:
C3
4
=
ωRC23
(ωRC3)2 + 1
⇔ (19.13)
C3 · ((ωRC3)2 + 1) = 4ωRC23 ⇔ (19.14)
C3(ωRC3)2 + C3 − 4ωRC23 = 0⇔ (19.15)
(ωRC3)2 − 4ωRC3 + 1 = 0⇔ (19.16)
ω =
4RC3 ±
√
(4RC3)2 − 4(RC3)2
2(RC3)2
⇔ (19.17)
ω =
4RC3 ±
√
12(RC3)2
2(RC3)2
⇔ (19.18)
ω =
4RC3 ± 2RC3
√
3
2(RC3)2
⇔ (19.19)
ω =
4RC3 ± 2RC3
√
3
2(RC3)2
⇔ (19.20)
ω =
2±√3
RC3
(19.21)
Because the half width at half depth is defined to be on the right side of the peak, it is
the solution ω1/2 =
2+
√
3
RC3
which is used, where ω1/2 is the frequency at the half depth at
the right side of the peak. The half width at half depth is thus:
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WD/2 = log(ω1/2)− log(ωmax)⇔ (19.22)
WD/2 = log(
2 +
√
3
RC3
)− log( 1
RC3
) = log(2 +
√
3
RC3
· RC3) = log(2 +
√
3) ≈ 0.57 (19.23)
When the half width at half depth is found for the measurements in the project, it is −ε′′
and the frequency f , which is used. However, it does not matter whether one uses −ε′′
or −C′′ and f or ω to find the half width at half depth, because there is a proportionality
between respectively −ε′′ and −C′′, and f and ω.
